Major life stressors, especially those involving interpersonal stress and social rejection, are among the strongest proximal risk factors for depression. In this review, we propose a biologically plausible, multilevel theory that describes neural, physiologic, molecular, and genomic mechanisms that link experiences of social-environmental stress with internal biological processes that drive depression pathogenesis. Central to this social signal transduction theory of depression is the hypothesis that experiences of social threat and adversity up-regulate components of the immune system involved in inflammation. The key mediators of this response, called proinflammatory cytokines, can in turn elicit profound changes in behavior, which include the initiation of depressive symptoms such as sad mood, anhedonia, fatigue, psychomotor retardation, and social-behavioral withdrawal. This highly conserved biological response to adversity is critical for survival during times of actual physical threat or injury. However, this response can also be activated by modern-day social, symbolic, or imagined threats, leading to an increasingly proinflammatory phenotype that may be a key phenomenon driving depression pathogenesis and recurrence, as well as the overlap of depression with several somatic conditions including asthma, rheumatoid arthritis, chronic pain, metabolic syndrome, cardiovascular disease, obesity, and neurodegeneration. Insights from this theory may thus shed light on several important questions including how depression develops, why it frequently recurs, why it is strongly predicted by early life stress, and why it often co-occurs with symptoms of anxiety and with certain physical disease conditions. This work may also suggest new opportunities for preventing and treating depression by targeting inflammation.
Depression is among the most common and costly of all psychiatric disorders. Nearly one in four women and one in six men experience depression during their lifetime , and up to 65% of individuals have recurrent episodes of the disorder (Eaton et al., 2008; Monroe & Harkness, 2011; Yiend et al., 2009) . Compounding the issue is the fact that many people with depression never receive diagnosis or treatment, and only about 30%-35% of adults achieve remission using current therapeutic approaches, leaving over two thirds of the disease burden intact (Alexopoulos, 2005; Andrews, Issakidis, Sanderson, Corry, & Lapsley, 2004; Chisholm, Sanderson, Ayuso-Mateos, & Saxena, 2004; Roose & Schatzberg, 2005) . These features contribute to substantial social and economic burden (Greenberg et al., 2003; Vos et al., 2004) . In fact, depression has been estimated to be the fourth leading cause of overall disease burden and the leading cause of nonfatal disease burden worldwide (Ü stün, AyusoMateos, Chatterji, Mathers, & Murray, 2004) . Identifying biobehavioral factors that can be targeted for preventing and treating depression is thus of paramount public importance.
Central to most contemporary theories of depression is the notion that stress can initiate cognitive and possibly biological processes that increase risk for the disorder (Beck, 1967; Blatt, 2004; Brown & Harris, 1978) . Consistent with these theories, major stressful life events are one of the best predictors of an impending onset of depression (Kendler, Karkowski, & Prescott, 1999; Kessler, 1997) . Indeed, certain life events, such as those involving social rejection, confer a 21.6% increase in risk for onset of major depressive disorder (MDD; Kendler, Hettema, Butera, Gardner, & Prescott, 2003) . Whereas an abundance of research has examined cognitive processes that may mediate the link between stress and depression (Gotlib & Joormann, 2010; Kircanski, Joormann, & Gotlib, 2012) , though, relatively little is known about the biological processes that are influenced by stress and that, in concert with cognitive and affective processes, may lead to depression.
The development of tools for assessing neural activity, peripheral biology, genetic variation, and gene expression has been extremely impactful in this context because such methods have helped to identify mechanistic pathways that may link the external social environment with internal biological processes that have the ability to promote depression. One of the most recent and potentially important insights from this work is the discovery that components of the immune system that mediate inflammation may be intimately involved in depression. Inflammation is typically thought of as the body's primary response to physical injury or infection. However, there is now substantial evidence that psychological stress can trigger significant increases in inflammatory activity (i.e., in the absence of physical injury; Glaser & KiecoltGlaser, 2005) . Increases in inflammation can in turn elicit profound changes in behavior, which include the initiation of depressive symptoms such as sad mood, anhedonia, fatigue, psychomotor retardation, and social-behavioral withdrawal. These findings thus support the hypothesis that external social conditions, and even people's mere perceptions of such conditions, may regulate molecular processes that initiate biological and behavioral changes that increase risk for depression. As we discuss later, these processes may also be relevant for the development of other disease conditions that have an inflammatory basis and tend to co-occur with depression, such as rheumatoid arthritis, chronic pain, obesity, diabetes, and cardiovascular disease.
The purpose of the present review is to provide an integrated account of how life stress affects inflammation and how stressinflammation pathways may in turn be linked with depression. Although several excellent articles have reviewed the literature on stress and inflammation (e.g., Denson, Spanovic, & Miller, 2009; Segerstrom & Miller, 2004; Steptoe, Hamer, & Chida, 2007) and reciprocal links between inflammation and depression (e.g., Bufalino, Hepgul, Aguglia, & Pariante, 2013; Dantzer, O'Connor, Freund, Johnson, & Kelley, 2008; Dantzer, O'Connor, Lawson, & Kelley, 2011; Debnath et al., 2011; Leonard, 2010; Leonard & Maes, 2012; Maes, Leonard, Myint, Kubera, & Verkerk, 2011; Messay, Lim, & Marsland, 2012; A. H. Miller, Maletic, & Raison, 2009; Raedler, 2011; Raison, Capuron, & Miller, 2006; , these literatures have historically represented separate and largely distinct lines of inquiry. As a result, no reviews to date have considered in detail how certain types of stress may up-regulate inflammatory processes in a way that promotes depression. This has occurred despite the possibility that integrating these literatures may help address some of the most important and pressing questions about depression, such as, how does stress up-regulate internal biological processes that evoke depressive symptoms? Why is depression often comorbid with certain somatic complaints and physical disease conditions? Why are people with a history of early life stress at elevated risk for depression and depression-related physical disease? Why is depression such a highly recurrent disorder for some individuals? And why do increases in anxiety frequently precede depression?
To integrate the literatures on stress, inflammation, and depression in a way that begins to address these questions, we first provide a general overview of the immune system and summarize components of this system that have been shown to be influenced by stress. Second, we review studies showing that experiences of stress, particularly interpersonal or social stress, up-regulate inflammatory activity, with an examination of neural and genetic factors that mediate and moderate this effect. Third, we synthesize the bodies of work demonstrating that biological mediators of the inflammatory response can communicate with the central nervous system to induce neural and behavioral alterations that may manifest into depressive symptoms. Fourth, based on this research, we propose an integrative, multilevel theory of depression that describes how stress-related increases in inflammation may lead to depression and, possibly, to other disorders that have an inflammatory component. Finally, we discuss the implications of this work for preventing and treating depression and suggest some possible avenues for future clarification and research.
The Immune System, Cytokines, and Inflammation
The immune system is critical for human health and well-being, as it helps coordinate the body's response to physical injuries and infections that, if left unaddressed, could cause illness or death. The system is generally viewed as being composed of two interconnected branches. The first and evolutionally older of these branches, called innate immunity, is the body's first line of defense against tissue damage and microbial infection (Medzhitov, 2007; Takeda, Kaisho, & Akira, 2003) . Innate immunity is composed of immune cells such as monocytes/macrophages and dendritic cells that constantly circulate in the body and use invariant receptors to detect a wide variety of pathogens. These cells signal the occurrence of injury or infection and initiate a cascade of inflammatory processes that help contain an infection and promote healing and recovery (Medzhitov, 2007) . When innate immune system defenses are insufficient, these cells activate the second branch of the immune system, called adaptive immunity (Barton, 2008 ). In contrast to innate immunity, which is nonspecific and does not confer long-lasting protection to the host, adaptive immunity involves the proliferation of microbial-specific white blood cells (i.e., lymphocytes) that attempt to neutralize or eliminate microbes based on an immunological memory of having responded to a specific pathogen in the past (Gruys, Toussaint, Niewold, & Koopmans, 2005; K. Murphy, 2011) . Whereas the innate immune response is rapid, occurring over minutes or hours, the adaptive immune response takes days to fully develop (Barton, 2008) .
Innate Immune System Dynamics
Initial activation of the innate immune system is called the acute-phase response, and it involves an increase in inflammatory activity that can occur both locally, at the site of tissue injury or infection, and systemically (Hennessy, Schiml-Webb, & Deak, 2009 ). This response is triggered when receptors of innate immune cells recognize hardwired and highly conserved features of microbes or pathogen-associated molecular patterns (PAMPs), which gives the system the ability to detect and respond to a wide range of microbial diversity (Barton, 2008; Medzhitov, 2007) . This recognition strategy is termed pattern recognition, and innate immune receptors that use this strategy are called pattern recognition receptors (Barton, 2008) . A prototypical PAMP (which we discuss later) is lipopolysaccharide (LPS), an endotoxin that is the major component of the outer membrane of Gram-negative bacteria (Raetz & Whitfield, 2002) .
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(TLRs), and they are found on macrophages, neutrophils, and dendritic cells that drive inflammation (Akira, Takeda, & Kaisho, 2001; Medzhitov, 2001) . TLRs recognize conserved components of microbes, including bacteria, viruses, and fungi, and in turn activate inflammatory and antimicrobial innate immune responses (Medzhitov, 2001) . Examples of this family of TLRs include types that bind to, and become activated by, specific ligands such as LPS (TLR4), double-stranded RNA (TLR3), and single-stranded RNA (TLR7 and TLR8; Barton, 2008) . When any of these TLRs are activated, a conserved signaling cascade is initiated that results in the activation of two principal intracellular transcription factors: nuclear factor-B (NF-B) and interferon (IFN) regulatory factors (Karin, 2006; Kawai & Akira, 2007) . As we describe in more detail below, these transcription factors in turn drive the expression of proinflammatory immune response genes such as tumor necrosis factor-␣ (TNF-␣) and interleukin-1 (IL-1) that produce small protein molecules called cytokines, the main effectors of the inflammatory response (Karin, 2006; Raison et al., 2006) .
Cytokines: The Key Mediators of Inflammation
Cytokines play a central role in immune system and inflammatory responding. In addition to coordinating cell-to-cell communication, they can alter neurochemical and neuroendocrine processes that have wide-ranging effects on physiology and behavior (Curfs, Meis, & Hoogkamp-Korstanje, 1997) . Released from immune cells such as monocytes/macrophages, dendritic cells, and neutrophils, cytokines may be thought to function in a manner similar to neurotransmitters and hormones insofar as they mediate physiological responses, rely on receptor-ligand interactions, and have self (autocrine), local (paracrine), and distal (endocrine) effects (Jain & Mills, 2007) . Among cytokines that coordinate cell functions related to inflammation, those that increase or up-regulate inflammation are referred to as proinflammatory, whereas those that down-regulate inflammation are called anti-inflammatory.
In this review, we focus primarily on the proinflammatory cytokines IL-1, interleukin-6 (IL-6), and TNF-␣, which together coordinate a variety of cell functions that stimulate and enhance inflammation. For example, IL-1, IL-6, and TNF-␣ promote the differentiation of lymphocytes called cytotoxic T cells, which kill pathogens that are introduced into the body during physical wounding. Inflammatory cytokines also promote increased vascular permeability and cellular adhesion, which allows immune cells to leave the blood vessels (i.e., the "boulevards") and migrate to tissues (i.e., the "battlefields") where they can neutralize or eliminate pathogens (see Dhabhar, Malarkey, Neri, & McEwen, 2012) . For example, IL-1 activates the expression of the endothelial adhesion molecule intercellular adhesion molecule-1, which, when bound to the properly conformed integrin (e.g., LFA-1) on the surface of immune cells, promotes firm adhesion to endothelial cells for eventual extravasation (i.e., migration of cells from the circulation to tissue; C. W. Smith, Marlin, Rothlein, Toman, & Anderson, 1989) . TNF-␣ promotes a similar process for neutrophils by stimulating the production of the adhesion molecule E-selectin on the endothelium, which binds to adhesion molecules on neutrophils (Hubbard & Rothlein, 2000) . This process of redistributing cells of the innate immune system to sites of injury or infection is aided by small polypeptides called chemokines. Chemokines are activated by the proinflammatory cytokines TNF-␣, IL-6, and IL-1, and they continually survey the body to screen for pathogens in a process called immunosurveillance. Once a pathogen or infection has been identified, chemokines can act as chemoattractants that recruit other immune cells to the site of inflammatory activity (K. Murphy, 2011) .
As summarized in Table 1 , cytokines also have specific effects on the body that are commonly recognized as signs of inflammation. At sites of infection, for example, cytokines cause redness, heat, swelling, and pain. At a more systemic level, certain cytokines (i.e., IL-6) induce the production of the acute-phase protein (and key biomarker of inflammation) C-reactive protein (CRP), which, together with cytokines, can lead to increased body temperature, heart rate, respiratory rate, and fever (Poon, Ho, Chiu, & Chang, 2013; Ricciotti & FitzGerald, 2011) . When combined, these effects help accelerate wound healing and limit the spread of infection in the host. They also promote social-behavioral withdrawal, which helps the organism recuperate and recover and reduces the likelihood that the infection will spread to conspecifics in the surrounding environment (K. Murphy, 2011) .
Inflammation: Friend and Foe
From this brief overview, we can see that mounting a rapid innate immune system and inflammatory response to a specific trigger and then down-regulating the response once a pathogen has been cleared are critical for resolving infection, repairing tissue damage, and returning the body to a state of homeostasis (Kushner, 1982; Medzhitov, 2008) . Recently, however, evidence has accumulated showing that when activation of the inflammatory response is altered or prolonged, it can actually cause more damage to a host than the pathogen itself (Barton, 2008) . Indeed, it is now widely recognized that chronic inflammation plays a role in several major diseases including asthma, arthritis, diabetes, obesity, atherosclerosis, certain cancers, and Alzheimer's disease (Couzin-Frankel, 2010) . One factor that can alter adaptive innate immune system responding and prolong inflammation is stress (Segerstrom & Miller, 2004; Steptoe et al., 2007) . In this review, therefore, we consider how stress influences the regulation of inflammation in a way that may be relevant for depression.
is exposed (Amit et al., 2009) . If the individual is exposed to an extracellular pathogen such as bacteria, then the intracellular transcription factors NF-B and activator protein 1 (AP-1) are activated. These transcription factors induce the expression of proinflammatory immune response genes such as interleukin-1␤ (IL1B), IL6, interleukin-8 (IL8), and TNF, resulting in the increased production of the respective proinflammatory cytokines. In contrast, if the exposure involves an intracellular pathogen such as a virus, then transcription factors such as IFN regulatory factors are activated. These transcription factors induce antiviral immune response genes such as type I IFN genes, which through the translation of IFN can activate signal transducer and activator of transcription-1, leading to the production of proinflammatory cytokines. Regardless of the specific pathway that is activated, increases in inflammatory activity occur when extracellular signals cause transcription factors to translocate from the cytoplasm of an immune cell into the cell's nucleus, where they activate immune response genes leading to the production of inflammatory cytokines that mediate systemic inflammation Medzhitov, 2008; Slavich & Cole, 2013) .
Central Regulation of Systemic Inflammation
Inflammatory activity is also regulated more distally by processes occurring in the brain. This neuro-inflammatory link gives the innate immune system the ability to prepare the body for physical wounding or injury in advance of an assault that could lead to a pathogen-related infection. A key aspect of this preparatory pathogen host defense response is an anticipatory (i.e., preinjury) redistribution and trafficking of innate immune cells to sites of possible injury or infection. When mobilized, this response is associated with enhanced postinjury wound healing and recovery, which can be critical for survival (Dhabhar, 2009; Rosenberger et al., 2009 ).
To mount a pathogen host defense response before an injury occurs, immune response genes "listen" for chemical signals indicating an increased risk for wound-related bacterial infection stemming from social-environmental danger. Threats of this nature historically involved the presence of predatory animals or hostile conspecifics. As summarized by Slavich and Cole (2013) , however, recent research has demonstrated that this same innate immune system response can be activated in the contemporary social environment when an individual is exposed to adverse conditions involving social conflict, evaluation, rejection, isolation, or exclusion perhaps because of the implications these conditions historically had for physical danger.
The type of innate immune system response that is initiated by present-day social adversity depends in part of the temporal nature of the experience. For example, whereas acute stress has been found to enhance antiviral defenses (Edwards et al., 2006; Mays et al., 2010; Phillips, Carroll, Burns, & Drayson, 2009; Powell, Allen, Hufnagle, Sheridan, & Bailey, 2011) , prolonged stress and depression have been associated with reduced antiviral immune responses Pedersen, Zachariae, & Bovbjerg, 2009) . Assuming a more frequent or chronic activation of these pathways, we have proposed that the primary innate immune system response to contemporary social stressors involves up- This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
regulation of proinflammatory immune response genes, which combat bacteria and other extracellular pathogens, and a reciprocal down-regulation of antiviral immune response genes, which target intracellular pathogens such as viruses . As depicted in Figure 1 and described more fully by Slavich and Cole (2013) , this increased proinflammatory/reduced antiviral skewing of our basal gene expression profile, called the basal transcriptome, appears to represent a conserved transcriptional response to adversity (CTRA) that is adaptive in countering injuries associated with actual physical threat (see Antoni et al., 2012; Fredrickson et al., 2013; Powell et al., 2013) . Activation of this ancestral host defense program by nonphysical social, symbolic, anticipated, or imagined threats, however, can increase an individual's risk for both viral infection and inflammation-related disease.
Two physiological pathways are responsible for converting social-environmental adversity into broad proinflammatory transcriptional programs such as the CTRA. The first pathway involves the sympathetic nervous system (SNS), and the second pathway involves the hypothalamic-pituitary-adrenal (HPA) axis . Additional evidence suggests that the parasympathetic nervous system modulates immune responses at a regional level through both the efferent and afferent fibers of the vagus nerve, enabling it to prevent excessive inflammation (Borovikova et al., 2000; Sternberg, 2006; Tracey, 2009) . Because the mechanisms underlying these pathways are described in detail elsewhere (Dantzer et al., 2008; Pavlov & Tracey, 2004; Slavich & Cole, 2013; Sternberg, 2006; Waldburger & Firestein, 2010) , we only briefly summarize the pathways here, with an emphasis on how Figure 1 . Conserved transcriptional response to adversity (CTRA). The innate immune system developed to counter physical threats from predatory animals and hostile conspecifics that dominated our ancestral environment. Exposure to these threats activates a CTRA that involves up-regulation of proinflammatory immune response genes, which combat extracellular pathogens and wound-related bacterial infections, and downregulation of antiviral immune response genes, which target intracellular pathogens such as viruses. This redeployment of the leukocyte basal transcriptome is adaptive in the context of actual physical threat because it enhances wound healing and recovery from injury and infection. The CTRA can also be activated by modern-day social, symbolic, anticipated, and imagined threats, however, leading to increased risk for several inflammationrelated conditions, including depression (see Antoni et al., 2012; Fredrickson et al., 2013; Powell et al., 2013; Slavich & Cole, 2013) . Saber-toothed cat image copyright 2013 by Dorling Kindersley; chimpanzee image copyright 2013 by Ronald van der Beek; pointing man image copyright 2013 by Craig Wactor; all other images copyright 2013 by Getty Images. All images reprinted with permission. This document is copyrighted by the American Psychological Association or one of its allied publishers.
effector mechanisms in the SNS and HPA axis regulate inflammation. Sympathetic nervous system. The first effector pathway that regulates systemic inflammation is the SNS. This pathway allows the central nervous system to "steer" innate immune responses between proinflammatory and antiviral phenotypes (S. W. Cole et al., 2010; Collado-Hidalgo, Sung, & Cole, 2006; . The SNS regulates proinflammatory cytokine production by releasing the neurotransmitter norepinephrine into peripheral tissues, primary and secondary lymphoid organs, and all other major organ systems including the vasculature and perivascular tissues. Once released, norepinephrine modulates immune response gene transcription via stimulation of ␤-adrenergic receptors Nance & Sanders, 2007) , although ␣-adrenergic signaling has also been implicated (Grisanti et al., 2011; Huang et al., 2012) . This adrenergic signaling cascade suppresses transcription of antiviral type I IFN genes (S. W. Cole, Korin, Fahey, & Zack, 1998; Lee et al., 2000) and up-regulates transcription of the proinflammatory immune response genes IL1, TNF, and IL6, leading to increases in systemic inflammatory activity (S. W. Cole et al., 2010; Grebe et al., 2010) .
Hypothalamic-pituitary-adrenal axis. The second effector pathway involves the HPA axis. Under normal conditions, activation of the HPA axis suppresses (rather than promotes) transcription of both proinflammatory and antiviral immune response genes by stimulating the release of one of the body's most potent anti-inflammatory substances, the glucocorticoid cortisol, from the adrenal cortex (Berkenbosch, van Oers, del Rey, Tilders, & Besedovsky, 1987; Besedovsky, del Rey, Sorkin, & Dinarello, 1986; Sapolsky, Rivier, Yamamoto, Plotsky, & Vale, 1987) . At least three mechanisms mediate the inhibitory effects of glucocorticoid activation on immune response gene transcription. First, glucocorticoid receptor binding to gene promoter sequences can interrupt proinflammatory gene expression. Second, glucocorticoid receptor activation can lead to transcriptional induction of certain anti-inflammatory genes, which inhibit the function of the proinflammatory transcription factor NF-B and block the inflammatory cascade initiated by this transcription factor. Finally, proinflammatory transcription factors such as NF-B and AP-1 can antagonize gene transcription via protein-protein interactions . These mechanisms are critical for ensuring that levels of inflammatory activity are appropriately elevated but do not exceed concentrations that would be dangerous for the organism. Indeed, glucocorticoid feedback inhibition of immune response gene transcription is now recognized as the most fundamental physiological mechanism for protection against diseases that involve excessive inflammation. It is therefore a prototype for some of the most effective anti-inflammatory drugs (Pace, Hu, & Miller, 2007; Rhen & Cidlowski, 2005) .
Elevated HPA axis-related inflammation via glucocorticoid resistance. These dynamics characterize HPA axis functioning under normal conditions of typical, intermittent engagement. Under other circumstances, however, a different set of dynamics can emerge, leading to HPA axis-related increases (as opposed to decreases) in inflammation (Avitsur, Stark, & Sheridan, 2001; G. E. Miller, Cohen, & Ritchey, 2002) . The process underlying this phenomenon is referred to as glucocorticoid resistance, or glucocorticoid insensitivity, and it occurs when immune cells become less sensitive to the anti-inflammatory effects of glucocorticoids in order to compensate for their persistent secretion (Schleimer, 1993) .
Although the reasons for glucocorticoid resistance are unclear, one possibility is that the phenomenon exists because it allows cortisol and proinflammatory cytokines to increase in concert with one another, when such a dynamic would be adaptive. One instance is under conditions of frequent or chronic socialenvironmental threat, when exposure to actual or perceived danger is persistent (G. E. Miller et al., 2002) . Another instance may be under conditions of acute stress that indicate increased social threat or the possibility of physical danger (Duman & Aghajanian, 2012) . In such situations, cortisol provides the organism with the metabolic energy it needs to respond to threatening conspecifics; on the other hand, closely timed elevations in proinflammatory cytokines accelerate wound healing and limit infection if an injury occurs.
Evidence that even acute stress can alter glucocorticoid sensitivity is provided by research showing that exposure to social cues indicating an increased risk for possible physical danger induces glucocorticoid resistance. This has been demonstrated in animal models by exposing rodents to an aggressive intruder (Avitsur et al., 2001; Engler, Engler, Bailey, & Sheridan, 2005) and in two human studies in which participants were asked to give an impromptu speech in front of a socially rejecting panel of raters (Dickerson, Gable, Irwin, Aziz, & Kemeny, 2009; Rohleder, Schommer, Hellhammer, Engel, & Kirschbaum, 2001) . In both of these latter studies, however, the effects of acute stress on glucocorticoid resistance were confined to women, highlighting a need for additional research on this topic. A conceptual model of these cortisol-cytokine dynamics is depicted in Figure 2 .
A complete review of the mechanisms underlying glucocorticoid resistance is beyond the scope of this article. However, it is important to note that because of glucocorticoid resistance, HPA axis processes that support adaptive "fight or flight" responses to social-environmental threat can become altered and promote excessive inflammation, especially if they are frequently or chronically engaged. These mechanisms thus have implications for mental and physical health (Marques, Silverman, & Sternberg, 2009; McEwen, 1998 McEwen, , 2008 McEwen & Seeman, 1999) . In the context of depression, for example, individuals with MDD have been found to have flatter diurnal cortisol slopes (i.e., higher overall cortisol concentrations) than persons without MDD, and 46% of the variability in diurnal cortisol slope in depressed individuals may be explained by their levels of glucocorticoid sensitivity (Jarcho, Slavich, Tylova-Stein, Wolkowitz, & Burke, 2013; see also Anacker, Zunszain, Carvalho, & Pariante, 2011; Fries, Hesse, Hellhammer, & Hellhammer, 2005; Pace et al., 2007 . Evidence of altered glucocorticoid sensitivity has also been found in several other disorders including anxiety, posttraumatic stress disorder, asthma, rheumatoid arthritis, cardiovascular disease, inflammatory bowel disease, autoimmune diseases, and some cancers G. E. Miller & Chen, 2006; O'Donovan, Slavich, Epel, & Neylan, 2013; Pace & Heim, 2011; Pace & Miller, 2009) . Although the role that altered glucocorticoid sensitivity plays in the etiology of these disease conditions remains unclear, there is little doubt that aberrant glucocorticoid signaling is a mechanism that can influence the maintenance or progression of these disorders (for reviews, see Barnes & Adcock, 2009;  This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Summary: The Immune System, Cytokines, and Inflammation
To summarize, the immune system plays a critical role in keeping the body biologically healthy, especially during times of physical injury, wounding, and infection. A key component of this system is the inflammatory response, which is mediated by proand anti-inflammatory cytokines that identify, neutralize, and eliminate foreign pathogens such as bacteria and viruses. Inflammation is regulated most proximally by the expression of immune response genes including IL1B, IL6, and TNF. When activated, these genes promote the secretion of proinflammatory cytokines that mediate systemic inflammation. Inflammation is also regulated more distally by processes occurring in the brain, which detects social-environmental cues indicating possible danger. This neuro-inflammatory link is highly adaptive insofar as it can activate the CTRA before a physical injury or bacterial infection takes place. A downside of central regulation of systemic inflammation, however, is that it gives social, symbolic, and anticipated threatsincluding those that have not yet happened or that may never actually occur-the ability to activate the CTRA in the absence of actual physical threat. Under normal conditions, the SNS upregulates CTRA-related inflammatory activity via stimulation of ␤-adrenergic receptors, and the HPA axis down-regulates CTRArelated inflammatory activity via the production of cortisol. However, under conditions of prolonged actual or perceived threat, or possibly during acute stressors indicating social threat or physical danger, glucocorticoid resistance can develop, leading to excessive inflammation that increases a person's risk for several disorders including depression, especially if activation of these pathways is prolonged.
Stress and Depression
The preceding section provides an overview of inflammatory biology and describes how systemic inflammation is regulated most proximally at the level of the genome and more distally by the SNS and the HPA axis. Because the SNS and the HPA axis originate in the brain and receive input from brain structures that monitor events in the external social world (Eisenberger & Cole, 2012) , a biologically plausible pathway exists by which stressors occurring in the social environment may influence inflammatory activity . A natural question based on the existence of these pathways is whether social stress is related to depression and, if so, whether inflammatory processes mediate this effect. To address this question, we first summarize the large literature demonstrating that stress is strongly associated with depression. Then, in the next section, we discuss studies showing that early life stress, adulthood life stress, and laboratory-based social stressors are associated with increased inflammatory activity.
Stress Is Associated With Major Depression
One of the most robust and well-documented effects in depression research involves the finding that stressful life events substantially increase a person's risk for MDD (Kendler et al., 1995 (Kendler et al., , 1999 Monroe, Slavich, Torres, & Gotlib, 2007a ; for reviews, see Brown & Harris, 1978 Hammen, 2005; Kessler, 1997; Mazure, 1998; Monroe, Slavich, & Georgiades, 2009) . One class of life events that has been found to be particularly strongly related to depression is major life events. These events cause substantial cognitive upheaval and disruption to a person's goals, plans, and aspirations, and include stressors such as the termination of a close confidant or romantic relationship, a significant financial loss, major health-related events (e.g., cancer diagnosis, heart attack, death), and the ending of an important job (e.g., due to being laid off or fired; Brown & Harris, 1978) .
As reviewed by Monroe et al. (2009) , the most conservative estimate of the relation between stress and depression-which is based on a patient sample and restricted to fateful life events that are entirely independent of the person's actions or behaviors-is that depressed persons have a 2.5-fold greater likelihood of experiencing a major life event prior to onset of depression compared to nondepressed persons during the same time period (Mazure, 1998; Shrout et al., 1989) . A more liberal estimate, which includes any type of preonset major life event, raises the risk estimate Figure 2 . Cortisol and proinflammatory cytokine responses to social cues indicating possible danger. The hypothalamic-pituitary-adrenal (HPA) axis and inflammatory system coordinate to keep an individual physically safe and biologically healthy. Increases in HPA axis activity and the associated release of cortisol prepare an individual for "fight-or-flight" when he or she is exposed to cues indicating the presence of socially threatening conspecifics. This initial cortisol response has a strong antiinflammatory effect, which allows the organism to react to the impending threat without being hampered by the onset of sickness behaviors, such as fatigue and social-behavioral withdrawal. As cues of the social threat wane, the body up-regulates the inflammatory response to accelerate wound healing and limit infection caused by possible injury. Glucocorticoid resistance allows for elevations in systemic inflammation to occur together with, or closely after, increases in cortisol. Although these dynamics are adaptive during actual, intermittent physical threat, prolonged activation of the HPA axis and inflammatory response caused by persistent actual or perceived threat is biologically costly and can increase a person's risk for several inflammation-related conditions including asthma, rheumatoid arthritis, cardiovascular disease, chronic pain, metabolic syndrome, and (possibly) certain cancers. This document is copyrighted by the American Psychological Association or one of its allied publishers.
several fold to an odds ratio of 9.38 for a first lifetime episode of MDD (Kendler, Thornton, & Gardner, 2000) . Based on these estimates, exposure to recent major life stress is considered to be the strongest proximal risk factor for MDD in community samples, with up to 80% of major depressive episodes in the general population being precipitated by such stress (Mazure, 1998) . This association persists across the entire life course and is especially strong for women in almost all age groups (Harkness et al., 2010) . Somewhat remarkably, major life events emerge as the strongest risk factor for MDD even when examined in multifactorial models that simultaneously evaluate the effects of stress with other wellknown risk factors for depression (Kendler, Gardner, & Prescott, 2002; Kendler, Kessler, Neale, Heath, & Eaves, 1993) . Interpersonal loss, social rejection, and depression. The vast majority of studies on stress and depression have conceptualized major life stress as a singular, unitary construct. Within this framework, life events of different types, with different socialpsychological characteristics, have been regarded as functionally equivalent with respect to their impact on depression (Monroe & Slavich, 2007; Monroe et al., 2009) . Against this backdrop, though, is a growing body of research that has taken a more refined approach to conceptualizing life stress. Emerging from this work is evidence that different types of life events may actually have different effects on depression depending on their core features and social-psychological characteristics (Cramer, Borsboom, Aggen, & Kendler, 2012; Keller, Neale, & Kendler, 2007; Muscatell, Slavich, Monroe, & Gotlib, 2009; .
The type of stress that has received the most attention in this context is interpersonal loss (Paykel, 2003) . This is due in large part to the evolutionarily adaptive benefits that accompany the maintenance of close social bonds (Ainsworth, 1991; Baumeister & Leary, 1995; Bowlby, 1980; Gilbert, 1992; Sloman & Gilbert, 2000) . As a result of these benefits, which include the provision of food, shelter, emotional comfort, and physical security, it has been hypothesized that interpersonal loss events that disrupt important social bonds may evoke intense distress, particularly if they involve social rejection, which signals a loss of social status, value, and regard (Dickerson, Gruenewald, & Kemeny, 2009; Kemeny, 2009) . In sum, then, although many types of major life events can induce cognitive upheaval and threaten a person's way of life, for the reasons outlined here, those that involve interpersonal loss and social rejection have been hypothesized to be particularly strongly associated with the type of emotional distress that is characteristic of depression (Slavich, O'Donovan, Epel, & Kemeny, 2010) .
Consistent with this theorizing, a substantial body of evidence now exists showing that major life events involving interpersonal loss or social rejection are particularly strongly related to MDD ). An immediate question that comes to mind is whether such effects are simply driven by differences in the severity, or contextual threat, of interpersonal loss versus noninterpersonal loss events. Interestingly, however, a primacy for interpersonal loss and social rejection life events in predicting depression emerges even when interpersonal loss events are compared to other stressors of the same severity level . As it turns out, major life events involving interpersonal loss are the most common precipitants of MDD, with up to 44% of depressive episodes being preceded by such stress (Brown, Harris, & Hepworth, 1995; Farmer & McGuffin, 2003) . In addition, two large epidemiologic studies (one with adolescents and one with adults) have shown that risk for depression is greater following a major interpersonal loss event (hazard ratios ϭ 1.70 and 1.76, respectively) than for any other type of major life stress (Kendler et al., 2003; Monroe, Rohde, Seeley, & Lewinsohn, 1999) .
Interestingly, risk for depression appears to be greatest when interpersonal loss is coupled with social rejection. In one of the largest studies on this topic to date, more than 7,300 communitydwelling adults were administered a semistructured interview that assessed participants' exposure to a range of life events that often precede depression. Reported events were subsequently rated in terms of their long-term contextual threat, in addition to the extent to which they involved loss, humiliation, danger, and entrapment. The most striking finding emerged in analyses that examined risk for MDD following different types of interpersonal loss. Specifically, these analyses revealed that major interpersonal loss events that were self-initiated (e.g., subject divorced his or her spouse) conferred a 10.2-fold increase in risk for depression. However, interpersonal loss events that were initiated by another person (e.g., subject was broken up with) conferred a 21.6-fold increase in risk for depression (Kendler et al., 2003) . Thus, risk for depression more than doubled based on the presence of social rejection. Because all of the life events included in these analyses were rated as having high long-term contextual threat, this differential risk for MDD by event type is not likely due to differences in stressor severity.
In a more recent study, Slavich, Thornton, Torres, Monroe, and Gotlib (2009) assessed depressed participants' exposure to major life events using the state-of-the-art Life Events and Difficulties Schedule (LEDS; Brown & Harris, 1978) . This system employs a 2-hr semistructured interview that systematically inquires about many different types of stress and an independent panel of raters who judge the contextual threat and social-psychological characteristics of each stressor that is identified (Dohrenwend, 2006; Monroe, 2008) . All life events that occurred prior to onset of MDD were also evaluated to determine whether they involved targeted rejection, defined as "social rejection that is directed at, and meant to affect, a single person, and that involves an active and intentional severing of relational ties with that person" (Slavich et al., 2009, p. 225) . As predicted, individuals who experienced a recent major life event involving targeted rejection became depressed 3 times faster (i.e., in one third as many days) than their counterparts who experienced other forms of severe life stress . Again, because the life events included in these analyses were all rated severe according to the LEDS system, the relatively quicker onset of MDD following targeted rejection versus nontargeted rejection life stress is likely due to the presence of targeted rejection, as opposed to differences in the severity of targeted rejection versus nontargeted rejection life events.
Summary: Stress and Depression
In sum, a large literature exists demonstrating that major life events, especially those involving interpersonal loss and social rejection, are a key proximal risk factor for MDD. As it turns out, these stressors have been implicated not just in the development of depression but in the onset, exacerbation, or progression of a variety of health problems. These conditions include several that, like depression, are thought (or known) to be mediated at least in This document is copyrighted by the American Psychological Association or one of its allied publishers.
part by inflammation, such as asthma, rheumatoid arthritis, cardiovascular disease, chronic pain, and certain cancers (Bower, Crosswell, & Slavich, 2014; Chrousos, 2009; Cohen, JanickiDeverts, & Miller, 2007; Cutolo & Straub, 2006; Kivimäki et al., 2006; Loeser & Melzack, 1999; Lutgendorf et al., 2012 Lutgendorf et al., , 2013 A. H. Miller, 2008; Reiche, Nunes, & Morimoto, 2004; Steptoe & Kivimäki, 2012; Walker, Littlejohn, McMurray, & Cutolo, 1999; R. J. Wright, 2011) . As a result, we turn now to the question of whether stress is associated with inflammation.
Stress and Inflammation
A large number of naturalistic and laboratory-based studies have examined whether stress is associated with inflammation. As we review below, these studies strongly support such an association. Moreover, consistent with the CTRA model presented earlier (see Figure 1 ) and with the data just described linking social rejection and depression, associations between stress and inflammation appear to be particularly strong for stressors that indicate the presence of possible physical or social threat. To examine these effects, we first review studies showing that early life stress, adulthood life stress, and laboratory-based social stressors are associated with increased inflammatory activity. Then, we discuss neural, genetic, and genomic mechanisms that may be responsible for converting experiences of social stress into inflammation.
Early Life Stress Is Associated With Elevated Inflammation
The most well-developed body of research on early life stress and inflammation has examined the relation of childhood family environment and socioeconomic status to levels of inflammatory activity in healthy adolescents and adults. In this context, exposure to a childhood environment characterized by unpredictability and interpersonal stress has been related to greater in vitro LPSstimulated IL-6 production in adolescents (G. E. Miller & Chen, 2010) and to elevated circulating levels of the inflammatory marker CRP in young adults (Danese, Pariante, Caspi, Taylor, & Poulton, 2007; Taylor, Lehman, Kiefe, & Seeman, 2006) . A socially tumultuous early environment has also been found to predict elevated levels of IL-6 in a population-based study of young adults (Cho, Bower, Kiefe, Seeman, & Irwin, 2012; Slopen et al., 2010) , higher levels of IL-6 and TNF-␣ in a community sample of older adults (Kiecolt- Glaser, Gouin, et al., 2011; cf. Carpenter, Gawuga, Tyrka, & Price, 2012) , and greater IL-6 responses to daily life stressors in a cross-sectional study of older adults (Gouin, Glaser, Malarkey, Beversdorf, & Kiecolt-Glaser, 2012 ; see also Carroll et al., 2013) . To examine whether early life stress prospectively predicts elevated inflammation, Slopen, Kubzansky, McLaughlin, and Koenen (2013) analyzed data from a population-based prospective longitudinal study of more than 4,600 children. Exposure to acute life events (e.g., physically or sexually abused, separated from mother or father, taken into foster care) was assessed at seven time points between 1.5 and 8 years of age, and levels of plasma IL-6 and CRP were measured at age 10. CRP was also measured again at age 15. As predicted, greater cumulative stress exposure before age 8 predicted higher levels of IL-6 and CRP at age 10 and higher levels of CRP at age 15 (Slopen et al., 2013) .
Low socioeconomic status in childhood, in turn, has been related to higher levels of circulating IL-6 and CRP in adults (Appleton et al., 2012; Taylor et al., 2006) . Low socioeconomic status in childhood has also been associated with a shifting of the leukocyte basal transcriptome toward a more proinflammatory phenotype in adolescence in a manner that is independent of a person's socioeconomic status in adolescence (G. . The transcriptional shift observed in these low early-life socioeconomic status individuals is characterized in part by increased expression of genes that code for TLR4, which is involved in activating the innate immune system response, and by decreased expression of genes that code for the glucocorticoid receptor, which (as we described earlier) is responsible for down-regulating inflammation in response to cortisol (see also S. W. .
Early life stress and inflammation in depression. Early life stress has also been associated with inflammatory activity in the context of depression. In one of the largest prospective studies on this topic to date, depressed adults who experienced severe forms of early life stress (e.g., maternal rejection, harsh discipline, physical or sexual abuse) were 1.48 times more likely to have clinically high levels of CRP (Ͼ3 mg/L) than depressed adults who did not experience these severe forms of early life stress (Danese et al., 2008 ; see also Pace et al., 2012) . Interestingly, although depression was also strongly associated with high CRP levels, this association was no longer significant when analyses adjusted for the effects of early life stress (Danese et al., 2008) . In a more recent study that followed adolescent women at elevated risk for depression over 2.5 years, adolescents with a history of more common forms of early life stress, such as low socioeconomic status or parental separation, had greater increases in both IL-6 and CRP when becoming depressed than their counterparts without a history of these early life stressors. Moreover, whereas adolescents in this study who did not have a history of early life stress exhibited reductions in CRP as their depressive symptoms abated, those with a history of early life stress showed no such association, instead exhibiting elevations in CRP that persisted in the absence of depression (G. E. Miller & Cole, 2012) .
Finally, there is evidence that associations between stress, inflammation, and depression may be detectable at a relatively young age. For example, a recent longitudinal study found that children who were exposed to physical maltreatment before age 10 and depressed at age 12 exhibited significantly higher levels of CRP relative to children with depression only, maltreatment only, and neither depression nor maltreatment (Danese et al., 2011 ; for a review, see Taylor, Way, & Seeman, 2011) . Considered together, then, at least three studies on early life stress, inflammation, and depression suggest that exposure to early life stress may contribute uniquely to elevations in inflammation that are evident in depression.
Adulthood Life Stress Is Associated With Elevated Inflammation
There is also a large body of research demonstrating that naturally occurring social stressors in adolescence and adulthood are associated with elevated levels of inflammatory activity. These effects have been detected for both acute and chronic forms of life stress and are particularly strong for social stressors involving conflict, threat, isolation, and rejection (for reviews, see Herbert & Cohen, 1993b; Kiecolt-Glaser, Gouin, & Hantsoo, 2010;  This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Segerstrom & Miller, 2004) . Paralleling the early life stress findings, for example, lower socioeconomic status in adulthood has been found to be related to increased levels of CRP and IL-6 (Gruenewald, Cohen, Matthews, Tracy, & Seeman, 2009 ; see also Petersen et al., 2008; Pollitt et al., 2007) . Moreover, at least two studies have shown prospective associations between lower socioeconomic status and elevated levels of CRP (Deverts, Cohen, Kalrab, & Matthews, 2012; Gimeno et al., 2007) . In addition, several studies have demonstrated that negative social interactions involving friends, peers, teachers, or family members in daily life are associated with elevations in several markers of inflammatory activity, including CRP, IL-6, and a soluble receptor for TNF-␣ (Chiang, Eisenberger, Seeman, & Taylor, 2012; Fuligni et al., 2009; Marin, Chen, Munch, & Miller, 2009) . Although most studies have examined the effects of social stressors occurring over several days or years, there is also some evidence that experiencing one major life event may be sufficient for up-regulating inflammatory activity if it involves interpersonal loss or social rejection. For example, Schultze-Florey and colleagues (2012) found that older adults who experienced the recent death of their spouse had higher IL-1 and IL-6 activity than nonbereaved older adults. This effect was moderated by a variant in the IL-6 gene (IL6-174), which modified individuals' likelihood of exhibiting high levels of inflammation following bereavement. Specifically, SNS activation caused by bereavement-related distress led to GATA1 transcription factor activation that mediates up-regulation of IL-6 production but only for individuals with two GATA1-sensitive-174G alleles (Schultze-Florey et al., 2012) . A different but conceptually similar study suggested that these effects may be due in part to the fact that at least some recently bereaved individuals have flatter diurnal cortisol slopes across the day (O'Connor, Wellisch, Stanton, Olmstead, & Irwin, 2012) .
Associations between recent major life events and increased inflammatory activity have also been found for social rejection. For example, M. L. M. Murphy, Slavich, Rohleder, and Miller (2013) assessed 147 adolescent girls at elevated risk for depression every 6 months for 2.5 years. Exposure to recent life stress was measured using the UCLA Life Stress Interview (Adrian & Hammen, 1993) , and levels of inflammatory gene expression were indexed by quantifying leukocyte mRNA for the proinflammatory transcription factor NF-B and inhibitor of B (I-B), which regulates the effects of NF-B. Multilevel modeling analyses designed to test within-person associations between targeted rejection and inflammatory gene expression revealed that participants had significantly higher levels of mRNA for both NF-B and I-B at visits when they had experienced a recent targeted rejection life event compared to visits when no such event had occurred. Consistent with the notion that these effects may also be due in part to altered glucocorticoid dynamics, a different study reported that experiencing even one recent major life event (as rated by the LEDS) predicts greater glucocorticoid resistance (Cohen et al., 2012) . As suggested previously, therefore, social stress-related reductions in glucocorticoid sensitivity may be one mechanism linking social threat and rejection with elevated inflammation and risk for depression .
One of the largest bodies of research on adulthood social stress and inflammation has focused on the strength and quality of a person's social connection to other people. This work has been fueled by the provocative finding that having stronger social bonds-as characterized by better social integration and/or social support-decreases risk for mortality by up to 50% (Holt-Lunstad, Smith, & Layton, 2010) . This effect is striking because it equals the health benefits conferred by quitting smoking and exceeds the benefits associated with the absence of other major risk factors for disease, including excessive alcohol consumption, obesity, and physical inactivity (Holt-Lunstad et al., 2010) .
Consistent with the possibility that these effects of social connection and isolation on health are mediated at least in part by inflammatory processes, a community-based case-cohort study and a nationally representative cohort study recently revealed that socially isolated individuals are approximately 2.0 -2.5 times more likely to have clinically high levels of CRP than socially integrated individuals (Ford, Loucks, & Berkman, 2006; Heffner, Waring, Roberts, Eaton, & Gramling, 2011) . Social isolation has also been related to the up-regulated expression of proinflammatory immune response genes and a reciprocal down-regulation of genes involved in antibody production (S. W. Cole, Hawkley, Arevalo, & Cacioppo, 2011) . Finally, one study found that levels of CRP and IL-6 are 2.0 and 3.8 times higher, respectively, for socially isolated depressed men than for socially integrated nondepressed men, suggesting that the combination of social isolation and depression has a robust effect on inflammation (Häfner et al., 2011 ; see also Goldman-Mellor, Brydon, & Steptoe, 2010) .
Laboratory-Based Social Stressors Trigger Inflammatory Activity
The most carefully controlled research on stress and inflammation has occurred in the laboratory setting, where stressors can be standardized and changes in inflammatory activity can be closely monitored. This research has revealed that social stressors are potent triggers of systemic inflammation (Steptoe et al., 2007) . Paralleling findings from the life events and depression literature (described above), stressors that evoke the strongest inflammatory responses in the laboratory are those that involve social conflict, rejection, or exclusion (Denson et al., 2009; Dickerson, Gruenewald, & Kemeny, 2009; Kemeny, 2009) . Examples of such stressors include writing about traumatic experiences involving self-blame, which has been found to trigger increases in a soluble receptor for TNF-␣ (i.e., sTNF-RII), as well as higher levels of self-reported shame (Dickerson, Kemeny, Aziz, Kim, & Fahey, 2004) . Shame, in turn, is a cardinal feature of many depressive experiences (Kim, Thibodeau, & Jorgensen, 2011) . In a more recent study, married couples were brought into a laboratory and asked to engage in a social support interaction during a first study visit and a hostile marital interaction during a second study visit. Although couples who were judged to be low in hostility were relatively unaffected by these tasks, couples who were high in hostility exhibited significantly greater increases in plasma IL-6 and TNF-␣ following the hostile marital interaction than following the social support interaction .
Most laboratory studies on stress and inflammatory biology have utilized a social stress task called the Trier Social Stress Test (TSST; Kirschbaum, Pirke, & Hellhammer, 1993) . Participants in this paradigm are asked to prepare and give an impromptu speech and to perform difficult mental arithmetic in front of a nonresponsive, socially rejecting panel of raters. In a recent study that examined the effects of the TSST on proinflammatory cytokine This document is copyrighted by the American Psychological Association or one of its allied publishers.
regulation, individuals who completed the TSST in the presence of socially rejecting raters exhibited greater in vitro LPS-stimulated production of TNF-␣ and greater glucocorticoid resistance than individuals who performed the TSST in the absence of these raters (Dickerson, Gable, et al., 2009) . Interestingly, participants judged these two conditions to be equally challenging, controllable, and difficult. However, individuals who felt more evaluated in both conditions of the TSST exhibited greater increases in TNF-␣ production, even after controlling for participants' perceptions of TSST-related challenge, controllability, and difficulty. A related TSST study found that exposure to socially rejecting raters triggered increases in cortisol, but only when the raters were being evaluative (Dickerson, Mycek, & Zaldivar, 2008; cf. Taylor et al., 2010) . Consistent with the hypothesis that rejection-related stressors are the strongest regulators of HPA axis processes that influence inflammation, a meta-analytic review of 208 laboratory studies revealed that stressors characterized by low controllability and high social-evaluative threat trigger the greatest cortisol responses and the slowest recovery of cortisol to baseline levels (Dickerson & Kemeny, 2004) . Individual differences in laboratory-based inflammatory responding. Generally speaking, these studies have investigated the question of whether laboratory-based social stressors trigger increases in inflammation on average. Because the brain plays a critical role in appraising stressors, as well as in modulating immune system reactivity to physical and social threat (McEwen & Gianaros, 2010; Pavlov & Tracey, 2004; Sternberg, 2006) , it might be expected that individual differences exist in the extent to which people mount an inflammatory response to social stress . The few studies that examined this issue assessed participants' psychological perceptions of, or emotional reactions to, a laboratory-based social stressor and then used this information to predict their inflammatory responses to the task. These studies provide preliminary evidence that, as expected, stress-related appraisals and reactions appear to modulate inflammatory responding to acute social stress.
In this context, for example, individuals who report experiencing more fear to the TSST have been found to exhibit greater increases in the proinflammatory marker sTNF-RII . In a second study, greater levels of TSST-induced perceived stress predicted greater increases in circulating IL-1␤ (Yamakawa et al., 2009 ; see also Prather et al., 2009) . A third study reported that a public speaking task similar to the TSST induced feelings of anxiety, depression, and anger; greater increases in anxiety and anger were, in turn, independently related to greater increases in circulating IL-6 (Carroll, Low, et al., 2011) . Finally, a fourth study found that greater difficulty in maintaining a positive cognitive-affective state during the TSST was associated with greater increases in circulating IL-1␤ and that increases in circulating IL-1␤ in turn predicted increases in depressive symptoms over the following year. In fact, IL-1␤ reactivity to the TSST significantly mediated the relation between cognitive-affective responses to the TSST and future increases in depressive symptoms over the 1-year follow-up period (Aschbacher et al., 2012 ; for a review, see Campbell & Ehlert, 2012) .
Factors that moderate laboratory-based inflammatory responding. Finally, a small number of studies have examined factors that moderate inflammatory responses to acute social stress in the laboratory. One such study exposed psychiatrically healthy adults with differing histories of early life stress to the TSST (Carpenter et al., 2010) . Experiencing more early life stress, as assessed by the Childhood Trauma Questionnaire (CTQ; Bernstein et al., 1994) , was unrelated to baseline levels of IL-6 but strongly associated with greater increases in IL-6 in response to the TSST. Subsequent analyses compared individuals with little or no early life stress to persons with moderate to severe early life stress. Again, although these groups had similar baseline levels of IL-6, participants who experienced moderate to severe early life stress exhibited significantly greater IL-6 responses to the TSST than their counterparts with little or no early life stress (Carpenter et al., 2010) . In another report of two separate studies, participants who had more feelings of trait loneliness exhibited greater LPSstimulated production of TNF-␣, IL-6, and IL-1␤ in response to the TSST compared to those who were less lonely (Jaremka et al., 2013 ; see also Hackett, Hamer, Endrighi, Brydon, & Steptoe, 2012) .
In addition, at least three studies have examined whether depression status moderates the effects of acute social stress on inflammatory responding in the laboratory. Weinstein and colleagues (2010) exposed depressed and nondepressed adults to a variant of the TSST in which participants were asked to give a speech about a recent incident in which they experienced anger or frustration; next, they completed a mental arithmetic task. Compared to nondepressed participants, depressed participants exhibited greater TSST-induced increases in several markers of SNS and HPA axis activity, including epinephrine, norepinephrine, adrenocorticotropic hormone, and cortisol. Depressed participants also exhibited greater increases in plasma levels of the proinflammatory cytokines TNF-␣ and IL-6 and the inflammatory marker CRP (Weinstein et al., 2010) .
G. E. Miller, Rohleder, Stetler, and Kirschbaum (2005) also exposed depressed and nondepressed adults (all women) to a variant of the TSST that involved preparing and then giving a 17-min mock job interview, followed by a difficult puzzle-solving task. This experience evoked increases in anxiety and shame and greater LPS-stimulated production of TNF-␣ and IL-6 for both depressed and nondepressed women. Compared to nondepressed women, however, depressed women exhibited elevations in CRP that persisted following the TSST (G. E. Miller et al., 2005) . This study did not identify specific mechanisms that accounted for these differences in temporal CRP response, but several interrelated factors that are independent risk factors for depression have been found to be associated with persistently high levels of CRP and may contribute to these effects, including having a sedentary lifestyle, high body mass index, and being female (Ishii et al., 2012) .
Finally, Pace and colleagues (2006) examined inflammatory responses to the TSST for depressed individuals (all male) with elevated early life stress compared to nondepressed persons. Compared to nondepressed individuals, depressed individuals with early life stress exhibited greater increases in IL-6 and NF-B to the TSST, as well as higher levels of IL-6 during the post-TSST recovery period. When examined together in a multivariate regression model, greater depression severity, as assessed by the Hamilton Rating Scale for Depression (HRSD; Hamilton, 1960) , was an independent predictor of TSST-induced increases in both IL-6 and NF-B while adjusting for the effects of early life stress on inflammatory activity. In contrast, early life stress, as assessed by This document is copyrighted by the American Psychological Association or one of its allied publishers.
the CTQ (Bernstein et al., 1994) , was unrelated to TSST-induced changes in IL-6 and NF-B while adjusting for the effects of depression on inflammation (Pace et al., 2006) .
Neural Mechanisms Underlying Stress-Induced Inflammatory Responding
Although there is growing interest in understanding neural mechanisms that underlie inflammatory responding to social stress, to our knowledge, only one study has examined this issue to date (Slavich, Way, Eisenberger, & Taylor, 2010) . In this study, 124 healthy young adults completed the TSST while levels of IL-6 and sTNF-RII were quantified from oral fluids. In a separate experimental session, a subset of these participants (n ϭ 31) had their neural activity assessed using fMRI while they played a computerized ball-tossing game called Cyberball, in which they were ultimately excluded by two other supposed players. As predicted, the social rejection experience evoked while playing Cyberball engaged brain regions that have been previously implicated in processing negative affect and social rejection-related distressnamely, the bilateral anterior insula and dorsal anterior cingulate cortex (dACC). Greater activity in these brain regions was in turn related to greater sTNF-RII responses to the TSST, indicating that individuals who are more neurally sensitive to social rejection exhibit greater inflammatory responses to acute social stress (Slavich, Way, et al., 2010) . Although the manner by which these brain regions regulate inflammation is complex (Pavlov & Tracey, 2004) , the anterior insula and dACC are key nodes in a network of brain regions known to be engaged during experiences of physical pain (Eisenberger, 2012a (Eisenberger, , 2012b . This may thus explain, at least in part, why activity in these brain regions is associated with inflammatory responding to social stress.
Using a different strategy for examining this issue, Eisenberger, Inagaki, Rameson, Mashal, and Irwin (2009) randomly assigned 39 healthy adults to receive either an inflammatory challenge (i.e., bacterial endotoxin) or placebo (i.e., saline) via intravenous injection. Participants then had their neural activity assessed using fMRI while they played Cyberball. As expected, administration of bacterial endotoxin triggered increases in cortisol, IL-6, physical sickness symptoms, and depressive mood. Increases in IL-6 were in turn associated with greater neural activity in the anterior insula and dACC, which are the same brain areas that emerged as being relevant for inflammation in the study described above. Further confirming the relevance of these regions for inflammation, activity in these brain regions mediated the association between endotoxin-induced increases in IL-6 and depressive mood in female participants. Endotoxin-induced increases in IL-6 were also related to greater activity in several neural regions that have been implicated in mentalizing, or the process of thinking about the content of other people's minds, including the medial and dorsomedial prefrontal cortex, posterior cingulate cortex, and precuneus (Eisenberger et al., 2009) .
When considered together with the results of the previous study, these data suggest a possible bidirectional link between systemic inflammation and pain-related neural systems in the brain. Namely, whereas the former study showed that activity in painrelated neural circuitry is associated with inflammatory responses to acute social stress, the latter study showed that greater endotoxin-induced increases in inflammation are associated with greater activity in pain-related neural systems. This bidirectional link between systemic inflammation and brain regions that process experiences of pain may be adaptive in dangerous environments insofar as it prepares the body to deal with possible physical threat or injury. As we illustrate in Figure 3 , however, the fact that neural responses to contemporary threats like social evaluation and rejection may up-regulate systemic inflammation, and that increases in inflammation may in turn promote neural sensitivity to social rejection, suggests that activity in pain-related neural systems and systemic inflammation may be mutually promoting and, over time, become engaged in a recursive loop that increases levels of inflammation and risk for depression (see Slavich & Cole, 2013) . Figure 3 . Neuro-inflammatory sensitization to adversity. Bidirectional links between the brain and periphery allow the brain to regulate inflammatory activity, and inflammatory activity to in turn influence neural processes in the brain. This dynamic is initiated by experiences of early life stress or chronic adversity, which promote a proinflammatory skewing of the leukocyte basal transcriptome (i.e., the conserved transcriptional response to adversity [CTRA] ) that feeds back on pain-related neural systems to perpetuate subjective perceptions of threat. Brain regions involved in this process include the anterior insula (AI) and dorsal anterior cingulate cortex (dACC, shown in the insert). As a result of this physiologic recursion, experiences of social-environmental adversity can become biologically embedded and sustain perceptions of threat for months or years after the original social-environmental impetus has passed. The consequences of these dynamics are multifold and start with increased hypervigilance, chronic anticipation of adversity, sensitivity to pain, and symptoms of social anxiety. As activation of the CTRA persists, somatic and affective symptoms of depression may develop. Finally, after years of sustained engagement, these dynamics may confer increased risk for inflammationrelated disorders, infection, accelerated biological aging, and early mortality (see Eisenberger & Cole, 2012; G. E. Miller, Chen, & Parker, 2011; G. E. Miller & Cole, 2012; Slavich & Cole, 2013) . IL-1␤ ϭ interleukin-1␤; IL-6 ϭ interleukin-6; TNF-␣ ϭ tumor necrosis factor-␣. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Genetic and Genomic Mechanisms Underlying StressInduced Inflammatory Responding
Recent studies have also examined genetic factors that moderate inflammatory responding to social stress and genome-wide transcriptional changes that may give experiences of social threat the ability to affect health. One line of research on this topic has involved identifying genetic variants, or single-nucleotide polymorphisms (SNPs), that predict differences in inflammatory responses to social stress. A locus of interest in this context is a functionally active regulatory SNP in the human IL6 promoter (rs1800795; Fishman et al., 1998) . A recent study that examined the effects of this SNP on inflammation found that high levels of social-environmental stress were associated with increased mortality risk for rs1800795 G homozygotes; C allele carriers, in contrast, exhibited no increases in mortality risk under high levels of stress (S. W. Cole et al., 2010) . Far from negligible, this effect amounted to a 2.8-year shorter average life span for persons who were homozygous for the G allele. Consistent with the prediction that this association is mediated by inflammation, the effect of this SNP on mortality was completely attenuated when the survival analyses adjusted for levels of CRP. In addition, the effect of this genotype on mortality risk was entirely specific to inflammationrelated causes of death (e.g., cardiovascular and neurodegenerative diseases).
These findings demonstrate that genetic factors interact with social-environmental conditions to predict systemic inflammation in ways that are relevant for health and mortality. The effect of a particular polymorphism on health, however, is realized only when a gene is expressed-that is, when DNA is transcribed into RNA and translated into protein (Slavich & Cole, 2013) . As a result, a handful of studies have searched for differences in the expression of immune response genes that are involved in inflammation.
As we have reviewed here, some studies have investigated this issue by testing whether levels of mRNA for the intracellular transcription factor NF-B differ for individuals experiencing high versus low levels of adversity. As we have also discussed, however, several studies have demonstrated that literally hundreds of genes are differentially expressed as a function of several types of social adversity, including being socially isolated or low in social status, or experiencing high levels of chronic interpersonal stress (e.g., Chen et al., 2009 ; S. W. Cole et al., 2007 Cole et al., , 2011 G. E. Miller et al., 2008; G. E. Miller, Rohleder, & Cole, 2009 ; see also Tung et al., 2012) . This work is provocative insofar as it indicates that whole gene programs or gene profiles, such as the CTRA, can be activated by adverse social conditions (S. W. Cole, 2010; Slavich & Cole, 2013) . Consistent with the fact that these gene programs are relevant for health, a small number of studies have found genome-wide transcriptional shifts in persons with asthma, ovarian cancer, breast cancer, and posttraumatic stress disorder (Bower, Ganz, Irwin, Arevalo, & Cole, 2011; Chen et al., 2009; Lutgendorf et al., 2009; O'Donovan et al., 2011) . To our knowledge, however, no studies to date have tested for differences in the leukocyte basal transcriptome of depressed versus nondepressed individuals (for related work, see S. W. Cole, , 2010 Fredrickson et al., 2013; Pace & Miller, 2009) .
Summary: Stress and Inflammation
To summarize, data from several lines of research converge to demonstrate that stress is associated with elevated inflammatory activity. These effects are apparent for both early life stress and adulthood life stress, and they have been demonstrated at the protein level (i.e., proinflammatory cytokines), intracellular signaling level (i.e., transcription factors), and genome-wide expression level (i.e., gene programs, transcriptional skewing). Although little attention is typically paid to the social-psychological characteristics of stress that are most relevant for depression, studies that have taken this information into account have suggested that the types of stressors most strongly associated with inflammation are those that involve cues indicating possible increased risk for physical or social threat. Such stressors include social conflict, evaluation, rejection, isolation, and exclusion. Social-environmental conditions related to these experiences are also implicated, including low socioeconomic status, which can be accompanied by a more risky or dangerous physical environment, and low social status, which can indicate elevated risk for social isolation or exclusion. The fact that these stressors are most consistently related to increased inflammatory activity is interesting insofar as it directly parallels the literature on life stress and depression, which has shown that life events involving interpersonal loss and social rejection are the types of stressors that are most strongly associated with onset of depression.
Research has just begun to examine neural, genetic, and genomic mechanisms that underlie inflammatory responding to social stress. This work is intriguing insofar as it has revealed that neural systems involved in processing physical pain (e.g., resulting from intense cold or heat) also play a role in processing social pain (e.g., resulting from social evaluation or rejection). This discovery may highlight answers to several questions, including how social stressors up-regulate inflammatory activity (Slavich, Way, et al., 2010) and why people often describe negative interpersonal events such as breakups in physical terms (e.g., "he broke my heart," "she hurt my feelings"; Eisenberger, 2012b).
Research has also begun to identify genetic factors, such as a regulatory SNP in the human IL6 promoter, that moderate inflammatory responses to social stress (S. W. Cole et al., 2010) and genomic processes, including stress-associated transcriptional shifts, that reveal that social stressors can impact the molecular activation of inflammation (for a review, see Slavich & Cole, 2013) . Whether these processes are relevant for depression is an important question, so we turn to this issue next. First, we describe how inflammatory cytokines communicate with the brain to influence mood, cognition, and behavior. Then, we review basic studies showing that cytokines can induce depressive-like behaviors in animal model systems. Finally, we synthesize the bodies of research showing that (a) several inflammation-related disorders frequently co-occur with depression, (b) levels of inflammatory activity are elevated in depression, (c) inflammatory challenges (e.g., bacterial endotoxin administration) evoke depressive symptoms and alter the functioning of depression-relevant neural systems, and (d) anti-inflammatory agents can help alleviate depressive symptoms. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Communication Pathways Between Inflammatory Cytokines and the Brain
We have already alluded to the fact that proinflammatory cytokines communicate with the brain and can alter neural activity (see Figure 3 ). This can occur via at least three pathways, involving cellular, molecular, and neural mechanisms. First, because cytokines are relatively large proteins, they do not efficiently cross the blood-brain barrier via passive transport (Quan & Banks, 2007) . However, circulating cytokines can enter the central nervous system in areas where the blood-brain barrier is either incomplete (e.g., circumventricular sites) or permeable (e.g., organum vasculosum of the lamina terminalis). Second, peripheral cytokines can communicate with the brain by binding to the cerebral vascular endothelium, which facilitates the release of second messengers and the induction of local cytokine activity in the brain. Finally, carrier-mediated mechanisms can actively transport cytokines across the blood-brain barrier (Schiepers, Wichers, & Maes, 2005; Watkins, Maier, & Goehler, 1995) . Together, these communication pathways involving (a) macrophage-like cells residing in circumventricular organs, (b) second-messenger activation, and (c) active transport provide three overlapping cellular and molecular mechanisms by which the brain actively senses circulating cytokines in the body and monitors changes in the composition of the internal inflammatory milieu (Quan & Banks, 2007) .
Neural pathways also play a critical role in linking immune system processes with the brain. Throughout the body, there are innervating afferent nerves that can be stimulated by inflammatory cytokines. In fact, afferent nerve activation in response to inflammatory signaling in the periphery induces the release of proinflammatory cytokines in the brain (Watkins & Maier, 2000) . This is evident with the afferent vagal fibers, for example, that, when activated, send neural signals from the periphery to sites in the brain, thereby promoting local production and release of proinflammatory cytokines (Watkins & Maier, 1999 . Considered together, these interactions are what enable bidirectional communication between peripheral cytokine activity and the brain. Specifically, the brain can modulate inflammatory activity throughout the body via the processes described earlier-namely, SNS-related ␤-adrenergic signaling and HPA axis-related cortisol productionand inflammatory cytokines can in turn signal the brain via the cellular, molecular, and neural mechanisms described here (Dantzer et al., 2008; Harrison, Brydon, Walker, Gray, Steptoe, Dolan, & Critchley, 2009; Lane et al., 2009; Pavlov & Tracey, 2004; Sternberg, 2006) .
Inflammatory Cytokines and Effects on Behavior: Evidence From Basic Studies
Empirical evidence of bidirectional communication between peripheral cytokine activity and the brain is provided by basic studies of inflammation and behavior. One method for investigating these links entails exposing animals (typically rodents) to immunological challenges that up-regulate inflammatory activity. Then, inflammation-induced changes in a variety of behaviors can be observed. Such experiments involve administration of innate immune cytokines (e.g., IL-1␤, TNF-␣) or bacterial endotoxin (e.g., LPS), both of which trigger increased inflammatory activity in the periphery, as well as in the brain. As we discuss below, central activation of inflammatory cytokine activity in animals may be especially relevant for understanding the pathogenesis of depression, since these processes evoke a social-behavioral state that closely resembles depression in humans.
Cytokine-to-brain communication is initiated when, in response to inflammatory signaling in the periphery, certain classes of cells in the brain-specifically, microglial cells and astrocytes-begin secreting proinflammatory cytokines that bind to cytokine receptors throughout the brain (Camacho-Arroyo, López-Griego, & Morales-Montor, 2009). In turn, these cytokines promote the release of the neurotransmitters norepinephrine, dopamine, and serotonin (Anisman & Merali, 2002; Camacho-Arroyo et al., 2009) , implicating central inflammatory cytokines in the initiation or modulation of neurochemical cascades that directly affect behavior. Via these interactions, for example, central cytokine activation leads to disturbances in sleep-wake activity, as characterized by alterations in measures of sleep continuity and architecture. These interactions also evoke decreases in daytime activity, as well as decreased interest in feeding, grooming, socializing, and mating and hedonic behaviors. These behaviors have been collectively called sickness behaviors, and they are thought to facilitate an organism's recuperation and recovery from injury or infection (Hart, 1988) . The fact that inflammatory cytokines can induce sickness behaviors is highly relevant for depression since these behaviors are strikingly similar to somatic and behavioral symptoms of depression (Capuron, Ravaud, & Dantzer, 2001; Yirmiya et al., 1999) . These effects thus argue for the possibility that cytokines may be able to induce major depression in humans by altering the activity of neurotransmitters and neural systems that regulate cognition, mood, and behavior.
Hundreds of basic studies have been conducted demonstrating that inflammatory processes affect behavior. A complete discussion of this body of work is beyond the scope of this review. In short, though, this research has shown that inflammatory challenges that involve administration of the proinflammatory cytokines IL-␤ or TNF-␣ trigger a constellation of several sickness behaviors in rodents that includes hypersomnia, fatigue, anorexia, impaired cognitive abilities, psychomotor retardation, and reduced social and exploratory behavior (Anisman & Matheson, 2005; De La Garza, 2005; Pecchi, Dallaporta, Jean, Thirion, & Troadec, 2009) . Similarly, injection of bacterial endotoxin (i.e., LPS) inhibits sexual activity and reduces the consumption of sweetened solutions that are strongly preferred by rats (Yirmiya, 1996) . Finally, basic studies have found that depressive-like behaviors that are evoked by bacterial endotoxin administration can be alleviated by antidepressant medication administration or eliminated almost entirely by pretreatment with cytokine synthesis blockers or cytokine antagonists (Castanon, Bluthé, & Dantzer, 2001; Yirmiya, 1996; Yirmiya et al., 1999) . Taken together, these findings provide evidence that inflammation may be implicated in at least some depressive symptoms (e.g., somatic, vegetative symptoms), insofar as they show that immunological challenges that up-regulate inflammation induce a constellation of behaviors that closely resembles MDD in humans.
Inflammation and Depression
Given that stress up-regulates proinflammatory cytokine activity and that cytokines can in turn signal the brain to induce a This document is copyrighted by the American Psychological Association or one of its allied publishers.
depressive-like state in animal model systems, it is reasonable to consider the hypothesis that stress-induced increases in inflammation may play a role in MDD. As it turns out, the observation that depressive disorders may be mediated at least in part by inflammation is not new. Probably without realizing the psychoneuroimmunological implications of his insight, for example, Sigmund Freud wrote in 1917 that "the complex of melancholia behaves like an open wound" (Freud, 1917 (Freud, /1957 . Years later, N. E. Miller (1964) proposed that feeling sick during times of infection helps organisms to conserve energy and prioritize behaviors that are critical for survival. These early observations paved the way for more sophisticated thinking on the topic. In the late 1980s, scientists articulated that sickness behaviors represent an organized, highly adaptive response to infection (Hart, 1988) and that this response is mediated by cytokines (Dantzer & Kelley, 1989 . Soon after, the connection between sickness behaviors, cytokines, inflammation, and depression was made. In his pioneering work on this issue, R. S. Smith (1991) developed a macrophage theory of depression, which described for the first time the notion that cytokines can act on the brain to cause depression. This perspective was subsequently elaborated by Michael Maes, who observed that depression is characterized by an activated innate immune system (Maes, 1993; Maes, Smith, & Scharpe, 1995) . Raz Yirmiya, in turn, was among the first to show that cytokines can directly elicit depressive symptoms and that symptoms elicited in this way can be alleviated with antidepressant medications (Yirmiya et al., 1999 (Yirmiya et al., , 2000 ; see also Musselman et al., 2001, and Capuron et al., 2002) .
With these observations as the backdrop, a tremendous number of studies were conducted in the 2000s to better understand how inflammation is related to depression. Generally speaking, these studies support the formulation that inflammatory processes promote depressive symptoms and, in addition, that they likely cause at least some forms of the disorder. These lines of research are reviewed next, focusing first on correlational evidence and then on experimental data.
Several Inflammation-Related Disorders Frequently Co-Occur With Depression
Among the first evidence to suggest that inflammation may contribute to depression came in the form of naturalistic clinical observations that patients who have certain somatic and physical disorders with an underlying inflammatory component also have a high likelihood of being or becoming depressed. These conditions include asthma, rheumatoid arthritis, inflammatory bowel disease, metabolic syndrome, coronary heart disease, and chronic pain (Barton, 2008; Calder, 2006) . In a prospective study of more than 1,200 young adults over a 21-year period, for example, asthma in adolescence and young adulthood was associated with a significantly increased likelihood of being diagnosed with MDD (odds ratio ϭ 1.7, 95% confidence interval [CI] [1.3, 2.3]; Goodwin, Fergusson, & Horwood, 2004) .
Likewise, several studies have shown that individuals with rheumatoid arthritis and inflammatory bowel disease are 2 to 3 times more likely to have major depression than the general population (Graff, Walker, & Bernstein, 2009; Katz & Yelin, 1993; Regier et al., 1988) . In the context of metabolic syndrome, a recent meta-analytic review of all existing epidemiological studies revealed that across nine prospective cohort samples, the pooled adjusted odds of metabolic syndrome predicting future risk for depression were 1.49 (95% CI [1.19, 1.89]; Pan et al., 2012) . Similarly, depression has been found to be approximately twice as likely in individuals with coronary heart disease and 3 times as likely in persons with congestive heart failure compared to prevalence rates in the general population (Whooley, 2006 ; see also Barth, Schumacher, & Herrmann-Lingen, 2004; Wulsin & Singal, 2003) .
Increasing evidence suggests that chronic pain is also associated with elevated levels of inflammation and that such inflammation drives hyperalgesia, or increased sensitivity to pain (Sandkühler, 2009; Sommer & Kress, 2004; Watkins & Maier, 2000) . In this context, it is notable that chronic pain has also been found to be highly comorbid with depression (Backonja, Coe, Muller, & Schell, 2008; Bair, Robinson, Katon, & Kroenke, 2003; Marchand, Perretti, & McMahon, 2005; Ren & Dubner, 2010; Samad et al., 2001) . Even though mood disorders can often go unrecognized in persons with chronic pain (Agüera, Failde, Cervilla, Díaz-Fernández, & Mico, 2010) , chronic pain is a strong, independent predictor of both onset and duration of depressive symptoms in the general population (Ohayon & Schatzberg, 2003) . When the presence of depression in chronic pain patients is assessed using gold-standard methods such as the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID; First, Spitzer, Gibbon, & Williams, 1995), up to 72% of patients with chronic pain meet threshold diagnostic criteria for concurrent MDD. When selfreport measures of depression are used, the prevalence of depression in individuals experiencing chronic pain is as high as 86% (Poole, White, Blake, Murphy, & Bramwell, 2009 ; see also Bair et al., 2004) .
Levels of Inflammatory Activity Are Elevated in Depression
If the high comorbidity between these disorders and depression can be explained (at least in part) by a common underlying biological process involving inflammation, then one would expect proinflammatory cytokine levels to be elevated in depressed individuals. Dozens of studies have been conducted on this topic, and these studies have been interrogated in at least six meta-analytic reviews. To summarize, compared to nondepressed individuals, depressed individuals (who are otherwise healthy) exhibit higher circulating levels of several proinflammatory cytokines including IL-1, IL-6, and TNF-␣, as well as higher levels of the systemic inflammatory biomarker CRP (Dowlati et al., 2010; Hiles, Baker, de Malmanche, & Attia, 2012; Howren, Lamkin, & Suls, 2009; Kuo et al., 2005; Zorrilla et al., 2001 ; see also Herbert & Cohen, 1993a; cf. O'Donovan et al., 2010) . Although information on anti-inflammatory cytokines in depression is more limited, at least one study found that concentrations of the anti-inflammatory cytokine IL-10 are lower for depressed than for nondepressed individuals (Dhabhar et al., 2009; cf. Hiles et al., 2012) .
These data do not provide evidence that inflammatory cytokines are directly involved in the pathogenesis of depression, but several observations favor this interpretation. First, consistent with the formulation that cytokines cause at least some depressive symptoms, increases in IL-6 and CRP have been found to prospectively predict the development of depressive symptoms (Gimeno et al., This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Maes et al., 2011) . Because serotonin is intimately involved in regulating mood, motivation, and behavior, cytokine-related tryptophan depletion may well represent a key event in the pathogenesis of depression (Capuron & Miller, 2004 Wichers & Maes, 2002) .
As reviewed elsewhere, elevated proinflammatory cytokine levels are not the only indication that inflammation may be a key biological mediator of depression (Irwin & Miller, 2007; Maes, 2011; Zorrilla et al., 2001 ). In fact, depression is accompanied not just by increases in circulating markers of inflammation but also by cell-mediated immune activation, which involves macrophages, monocytes, and T-lymphocytes. For example, individuals with depression show increased numbers of T cells bearing T cell activation markers, including CD4ϩ (T helper cells) and CD8ϩ (T suppressor/cytotoxic cells; Maes et al., 1992 Maes et al., , 1996 ; increased production of IFN-␥ (Gabbay et al., 2009; Maes et al., 1994) ; and elevated levels of the soluble receptors for IL-2 and TNF-␣ (Himmerich et al., 2008). These findings are intriguing because it has been proposed that cell-mediated immune activation causes tryptophan-related reductions in serotonin, which in turn lead to somatic and neurovegetative symptoms of depression (Maes, 2011) . Consistent with this hypothesis, there is some evidence that alterations in these markers of immune system functioning are most pronounced for individuals with melancholic forms of depression, suggesting that inflammation-related processes may be particularly responsible for somatic and physical symptoms of depression (Cover & Irwin, 1994; Maes, 1995 Maes, , 1999 Depression has also been associated with immune suppression, including with decreases in antiviral immunity . This may sound counterintuitive, but increases in inflammation and decreases in other aspects of cellular immunity (e.g., natural killer cell activity) have been found to co-occur in depression (Pike & Irwin, 2006) . Moreover, as we suggested earlier, perhaps because of activation of the SNS pathway and increased ␤-adrenergic signaling, the SNS outflow that occurs in depression (see Irwin et al., 1991) may suppress transcription of antiviral immune response genes (S. W. Lee et al., 2000) , leading to increased susceptibility to viruses. Additionally, SNS activation enhances transcription of proinflammatory immune response genes (S. W. Cole et al., 2010; Grebe et al., 2010) , which increases systemic inflammatory activity that aids in combating bacteria and other extracellular pathogens. This simultaneous increase in inflammation and reduction in antiviral immunity is central to the model presented in Figure 1 and discussed by Irwin and Cole (2011) and Slavich and Cole (2013) .
Inflammatory Challenges Elicit Depressive Symptoms and Major Depression in Humans
The associations described thus far are largely correlational; as such, they do not indicate whether elevated cytokine levels cause depression or whether they are somehow secondary to the disorder (e.g., the result of sleep disturbance or physical disease). This issue of causality has been examined, however, and several lines of research support the formulation that cytokines can cause depressive symptoms and even clinically diagnosable forms of depression. We have already reviewed basic studies on this topic, which demonstrate that immunological challenges that up-regulate inflammatory activity cause increases in depressive-like sickness behaviors in rodents. Similar research has been conducted with humans by examining alterations in cognitive and behavioral functioning that result from vaccination or immunotherapy. Three models have been used for this purpose: an IFN-␣ model, a typhoid vaccination model, and an endotoxin model.
Early studies investigating inflammation-related changes in mood and behavior examined patients with hepatitis C and cancer who were receiving IFN-␣ to boost their immune system and facilitate recovery. In these quasi-experimental studies, up to 50% of patients receiving IFN-␣ developed clinically significant levels of depression (Capuron & Miller, 2004; Raison et al., 2006) . Specific symptoms induced by IFN-␣ administration include anxiety, pain, depressed mood, anhedonia, fatigue, cognitive impairment, sleep disturbance, anger, hostility, loss of appetite, and suicidal ideation (Capuron et al., 2002; Janssen, Brouwer, van der Mast, & Schalm, 1994; Lotrich, Rabinovitz, Gironda, & Pollock, 2007) . Among individuals treated with IFN-␣, onset of depression has been found to be especially likely for patients who develop vegetative-depressive symptoms early on during the course of IFN-␣ (Robaeys et al., 2007) , as well as for those who exhibit potentiated adrenocorticotropic hormone, cortisol, and p38 mitogen-activated protein kinase responses within 12 hr of a first infusion or injection (Capuron et al., 2003; Felger et al., 2011) . Several factors may be involved in the development of depression during chronic IFN-␣ treatment. As reviewed by Raison and Miller (2011) , these include increased TNF-␣ and IL-6 signaling, reduced HPA axis diurnal variation, increased glucocorticoid insensitivity, reduced plasma concentrations of brain-derived neurotrophic factor, reduced plasma concentrations of tryptophan, increased This document is copyrighted by the American Psychological Association or one of its allied publishers.
plasma and cerebrospinal fluid concentrations of kynurenine and quinolinic acid, and reduced slow-wave sleep and sleep continuity. A few studies have also examined factors that moderate risk for depression in response to IFN-␣ treatment. These studies have found that individuals with a history of depression are more likely to develop cognitive and affective symptoms of depression (e.g., depressed mood, anxiety, irritability, memory and attentional problems) following IFN-␣ treatment for cancer or hepatitis C than persons without a history of depression. However, nearly all patients who receive IFN-␣ treatment for these conditions appear to experience a sudden onset of neurovegetative symptoms of depression, including anorexia, fatigue, psychomotor retardation, and disrupted sleep (Capuron & Miller, 2011) .
In addition, at least two longitudinal studies of hepatitis C patients have examined whether a functional SNP in the promoter region of the serotonin transporter gene (i.e., 5-HTTLPR) is related to IFN-␣ treatment-related depression. Consistent with the large body of research showing that individuals with one or two copies of the short allele at 5-HTTLPR are at greater risk for MDD than their long-allele homozygous counterparts (Caspi et al., 2003; Karg, Burmeister, Shedden, & Sen, 2011; Uher & McGuffin, 2010) , Bull and colleagues (2009) found that short-allele carriers developed more depressive symptoms during the course of IFN-␣ treatment than did participants with the long/long 5-HTTLPR genotype. Similar effects were found by Lotrich and colleagues, although in this study, changes in depression over time were assessed with the SCID (in addition to self-report measures of depression; Lotrich, Ferrell, Rabinovitz, & Pollock, 2009 ; for a review, see Lotrich, El-Gabalawy, Guenther, & Ware, 2011). Although a complete review of this literature is beyond the scope of this discussion, it should be noted that functional SNPs in the promoter regions of the genes encoding both IDO (rs9657182) and IL-6 (rs1800795) have also been found to moderate the effects of IFN-␣ treatment on depression (Bull et al., 2009; A. K. Smith et al., 2012) .
Acute administration of typhoid vaccination or bacterial endotoxin has been shown to produce effects that are similar to those seen in long-term IFN-␣ treatment. For example, typhoid vaccination, which is a relatively mild inflammatory challenge, elicits significant increases in negative mood, confusion, and fatigue, and these effects are mediated by changes in IL-6 Strike, Wardle, & Steptoe, 2004; C. E. Wright, Strike, Brydon, & Steptoe, 2005) . Similarly, administration of bacterial endotoxin, which is a relatively strong inflammatory challenge, elicits heightened anxiety, as well as several symptoms of depression including sad mood, anhedonia, cognitive impairment, fatigue, reduced food intake, altered sleep (e.g., disrupted sleep continuity, increased REM latency, and REM suppression), and social-behavioral withdrawal (Eisenberger, Inagaki, Mashal, & Irwin, 2010; Eisenberger et al., 2009; Reichenberg et al., 2001 ; for a review, see DellaGioia & Hannestad, 2010) .
Consistent with the hypothesis that inflammatory processes are a key mediator linking these immunological challenges with depression, increases in depressive symptoms following endotoxin administration have been associated with changes in levels of the proinflammatory cytokines IL-6 and TNF-␣ in peripheral blood (Hannestad, DellaGioia, Ortiz, Pittman, & Bhagwagar, 2011) . Furthermore, several studies have found that the effects of endotoxininduced increases in depressive symptoms can be blunted or abated with antidepressant medications (see Hannestad et al., 2011; Musselman et al., 2001) . Although data on the association between inflammation and social-cognitive aspects of depression are limited, there is some evidence that endotoxin administration induces feelings of social disconnection and a desire to be alone, which are hallmarks of some depressive episodes (DellaGioia & Hannestad, 2010; Eisenberger, Inagaki, et al., 2010) .
Inflammatory Challenges Alter Activity in DepressionRelevant Neural Systems
If systemic inflammatory activity can signal the brain to induce depressive symptoms, then peripherally administered immunological challenges should be associated with altered neural activity in depression-relevant brain systems. Although this research is difficult to conduct given that it involves combining immunological and neuroimaging methods in the same experimental context, a handful of studies have employed these techniques together and have revealed that immunological challenges that up-regulate inflammation also alter neural activity in several brain regions that have been implicated in depression. These regions include the basal ganglia, cerebellum, anterior cingulate cortex (ACC), and ventral striatum.
In an early study that employed a wait-list control design, patients with hepatitis C virus infection who were assigned to receive chronic, low-dose IFN-␣ treatment exhibited greater activity in the dACC during a visuospatial attention task compared to control participants who were not yet receiving the treatment. Greater activity in the dACC was in turn associated with more errors during the visuospatial task for IFN-␣-treated patients but not for control participants (Capuron et al., 2005) . As noted previously, the dACC has been implicated in processing experiences of physical pain (Eisenberger, 2012a), and activity in this region has been found to be associated with inflammatory responses to social stress (Slavich, Way, et al., 2010) . In another study using this same model, IFN-␣ administration was found to be associated with increased glucose metabolism in the basal ganglia and cerebellum, which are involved in motor activity and motivation (Capuron et al., 2007) . Finally, at least one study has shown that long-term administration of IFN-␣ is associated with reduced neural responses to a hedonic reward task in the bilateral ventral striatum, a brain region that is involved in reward-related responding. Reduced activation of the ventral striatum, in turn, was significantly correlated with greater symptoms of anhedonia, depression, and fatigue (Capuron et al., 2012) .
Along similar lines, typhoid vaccination has been associated with altered neural activity in the substantia nigra, a part of the basal ganglia that is involved in motor planning and reward seeking (Brydon, Harrison, Walker, Steptoe, & Critchley, 2008) , as well as with greater activity in the subgenual ACC, which has been repeatedly implicated in depression see also Eisenberger et al., 2009) . Finally, at least one study has shown that bacterial endotoxin administration also reduces neural activity in the ventral striatum (Eisenberger, Berkman, et al., 2010) . Consistent with the results obtained by Capuron et al. (2012) , this study also found that neural activity in the ventral striatum mediated the effects of This document is copyrighted by the American Psychological Association or one of its allied publishers.
endotoxin administration on increases in depressed mood, as rated by an independent observer (Eisenberger, Berkman, et al., 2010) .
Anti-Inflammatory Agents Alleviate Depression
The last line of research indicating that inflammation is a key mediator of depression involves the discovery that antiinflammatory agents alleviate depressive symptoms. We have already reviewed studies showing that antidepressant medications lead to reductions in proinflammatory cytokine activity, which decline in concert with the abatement of depression. The fact that anti-inflammatory agents also reduce both cytokine activity and depression severity provides converging experimental evidence that inflammatory processes mediate depressive symptomatology.
In this context, a recent double-blind, placebo-controlled study examined the role of anti-inflammatory agents on depression. Patients with MDD were randomly assigned to receive either the antidepressant medication reboxetine plus placebo or reboxetine plus the anti-inflammatory medication celecoxib (Müller et al., 2006) . Celecoxib is a cyclooxygenase (COX)-2 inhibitor used for treating excessive inflammation and pain. Patients were followed for 6 weeks and had their depressive symptoms assessed using the clinician-administered HRSD (Hamilton, 1960) . Patients in the reboxetine plus celecoxib group exhibited reductions in depression severity that were nearly twice as great (55% reduction) as those experienced by patients in the control group (33% reduction). Moreover, 75% of patients receiving reboxetine plus celecoxib were categorized as responders, compared to only 45% of patients receiving reboxetine plus placebo (Müller et al., 2006 ; see also Akhondzadeh et al., 2009) . Consistent with these results implicating COX-2 as a mediator in depression, a recent study found that expression of the gene that codes for COX-2 was greater for depressed than nondepressed individuals (Gałecki et al., 2012) .
A related double-blind, placebo-controlled study examined the antidepressant effects of the TNF-␣ antagonist etanercept (Tyring et al., 2006) . Etanercept is an anti-inflammatory agent that works by mimicking the inhibitory effects of naturally occurring soluble TNF receptors; it has thus been used to treat rheumatoid arthritis and other inflammatory conditions. In this study, patients with psoriasis were randomly assigned to receive either etanercept or placebo and were followed for 12 weeks. Depressive symptoms were assessed using the HRSD and Beck Depression Inventory (BDI; Beck, Steer, & Brown, 1996) , and fatigue symptoms were assessed using the Functional Assessment of Chronic Illness Therapy-Fatigue scale (Webster, Cella, & Yost, 2003) . At Week 12, 43% and 55% of patients in the etanercept treatment group were categorized as responders as assessed by the HRSD and BDI, respectively, compared to only 32% and 39% of patients in the placebo group. In addition, whereas only 43% of patients in the placebo group experienced clinically significant improvements in fatigue at Week 12, 58% of those in the etanercept group experienced such improvements (Tyring et al., 2006 ; see also Persoons et al., 2005) .
Finally, a recent double-blind, placebo-controlled study examined whether inhibiting TNF-␣ reduced depressive symptoms in 60 medically stable outpatients with treatment-resistant depression. Participants were randomly assigned to receive either three infusions of the TNF-␣ antagonist infliximab or placebo at baseline, Week 2, and Week 6 of a 12-week clinical trial . Depressive symptoms were measured by the HRSD. Although no overall differences in depression severity were found between the two groups over the trial, patients with baseline CRP levels of greater than 5 mg/L exhibited a treatment response (i.e., Ն50% reduction in HRSD score at any point) of 62% for infliximab-treated patients compared to only 33% for placebo-treated patients. For participants in the high-CRP group, infliximab improved anxiety symptoms and a wide range of depressive symptoms including depressed mood, psychomotor retardation, suicidal ideation, and performance of work and other activities (i.e., anhedonia/fatigue). Moreover, infliximab-treated responders exhibited significantly greater decreases in levels of CRP from baseline to Week 12 compared to placebo-treated responders .
In sum, research on the antidepressant effects of antiinflammatory agents is currently limited. Nonetheless, the results from the three studies just described converge with a large literature showing that anti-inflammatory agents block inflammationrelated behavioral changes in animal models of depression (Dantzer et al., 2008) . Results from these studies raise important questions, such as whether anti-inflammatory agents are efficacious for all depressed individuals or for only a subgroup of patients (e.g., those with elevated inflammation; see . Despite these lingering questions, however, these findings have already prompted an enormous amount of interest in the possibility of using anti-inflammatory agents to treat, and perhaps even prevent, depression (Capuron & Miller, 2011; Haroon, Raison, & Miller, 2012; Hayley, 2011; Li, Soczynska, & Kennedy, 2011; Rook, Raison, & Lowry, 2012) .
Summary: A Role for Inflammation in Depression
To summarize, five lines of research point to the fact that inflammation plays a prominent role in depression, particularly when somatic or neurovegetative symptoms are present. First, several somatic disorders and physical disease conditions that have an inflammatory basis frequently co-occur with depression, including rheumatoid arthritis, inflammatory bowel disease, metabolic syndrome, coronary heart disease, and chronic pain. Second, multiple markers of inflammatory activity are elevated in depressed compared to nondepressed individuals, including plasma concentrations of the proinflammatory cytokines IL-1, IL-6, and TNF-␣, which mediate systemic inflammation; levels of CRP, a key biomarker of systemic inflammatory activity; and several markers of cell-mediated immune activation, which involves macrophages, monocytes, and T-lymphocytes. Elevations in these biomarkers appear to precede the development of depression (although bidirectional effects have also been reported), and at least some depressive symptoms that are associated with inflammation can be alleviated with antidepressant medications. Third, immunological challenges that up-regulate inflammatory activity trigger depressive-like behaviors in animal model systems of depression and diagnosable forms of MDD in humans. The alterations evoked by these immunological challenges are hallmark symptoms of depression and include both neurovegetative symptoms (e.g., psychomotor retardation, fatigue, sleep disturbance, social-behavioral withdrawal) and cognitive and affective symptoms (e.g., depressed mood, anhedonia, difficulty concentrating, irritability). In addition, depressive symptoms that are elicited by these immunological challenges can be blocked with cytokine synthesis blockers or cytokine antagonists in animals and potentially blunted or alleviated with This document is copyrighted by the American Psychological Association or one of its allied publishers.
antidepressants in humans. Fourth, at least three different inflammatory challenges (i.e., IFN-␣ administration, typhoid vaccination, and endotoxin administration) have been shown to alter metabolic or neural activity in brain regions that have been implicated in depression, including the basal ganglia, cerebellum, ACC, and ventral striatum. Because these regions are involved in modulating mood, motivation, motor control, and responsiveness to reward, these neuroimaging results provide an important neurobiological account of how inflammation might alter central nervous system functioning to cause depression. Finally, three anti-inflammatory agents (i.e., the COX-2 inhibitor, celecoxib, and the TNF-␣ antagonists, etanercept and infliximab) have been found to alleviate depressive symptoms in double-blind, randomized, placebo-controlled studies. Considered together, these data provide compelling correlational and experimental evidence that inflammation is intimately involved in the pathogenesis of depression.
Social Signal Transduction Theory of Depression
The central question of this review is whether stress influences inflammatory processes in a way that is relevant for depression. The literatures on stress, inflammation, and depression support this hypothesis by demonstrating that (a) social stressors up-regulate proinflammatory cytokine activity, particularly if they involve social threat or rejection, and (b) proinflammatory cytokines can signal the central nervous system to induce neurobiological and behavioral alterations that include several hallmark symptoms of depression. Additional evidence that stress-induced increases in inflammation play a key role in depression is provided by basic and human research on these topics. This work has begun to elucidate neural systems that are involved in processing social threat, how activity in these brain regions gets converted into physiological processes that regulate proinflammatory cytokine activity, and how central and peripheral cytokines in turn induce depressive symptoms.
Together, these data begin to provide the empirical basis for biologically plausible theories that describe how perceptions of the external social environment get converted, or transduced, into cellular inflammation and depression. We propose one such theory in Figure 4 , called the social signal transduction theory of depression. Based on earlier thinking by S. W. and Slavich and Cole (2013) , this theory specifies that situations involving social threat are represented neurally by brain regions such as the anterior insula and dACC, which process experiences of negative affect and rejection-related distress (Eisenberger, 2012b; Slavich, O'Donovan, et al., 2010; Slavich, Way, et al., 2010) . Although these regions do not directly regulate inflammatory activity, they have anatomical connections to lower level brain regions, including the hypothalamus and brainstem autonomic control nuclei, which influence systemic inflammation by modulating the activity of the HPA axis and SNS Pavlov & Tracey, 2004; Sternberg, 2006) . Whereas HPA axis-related production of cortisol suppresses inflammatory activity, SNS-related production of epinephrine and norepinephrine promotes inflammation by interacting with receptors on immune cells to initiate a complex set of intracellular interactions that result in the activation of the transcription factors NF-B and AP-1. These interactions cause NF-B and AP-1 to translocate into the nucleus of the cell where they bind to cis-regulatory DNA sequences and upregulate the expression of proinflammatory immune response genes including IL1B, IL6, IL8, and TNF (S. W. Slavich & Cole, 2013) . Once activated, these genes produce amino acid sequences that form the basis for different proteins, such as the proinflammatory cytokines IL-1, IL-6, IL-8, and TNF-␣. The central nervous system can also influence peripheral inflammation via efferent vagus nerve activity, which down-regulates inflammation by strongly suppressing TNF gene transcription (Chiu, von Hehn, & Woolf, 2012; Libert, 2003; Pavlov, Wang, Czura, Friedman, & Tracey, 2003) .
Increases in inflammatory activity in turn induce somatic, vegetative, and some cognitive and affective symptoms of depression, an effect that is mediated by several nonmutually exclusive pathways. As revealed by a combination of animal model and human studies, for example, cytokines can act on the brain to promote depressive behaviors in several ways including via macrophage-like cells residing in circumventricular organs, second-messenger activation, and active transport, as well as by inflammatory signaling-related afferent nerve activation in the periphery that induces the release of proinflammatory cytokines from microglial cells and astrocytes in the brain. These processes promote the release of the neurotransmitters norepinephrine, dopamine, and serotonin (Anisman & Merali, 2002; CamachoArroyo et al., 2009 ) and lead to widespread neurocognitive and behavioral alterations that include aberrations in mood, cognition, motivation, eating patterns, sleep-wake rhythms, pain sensitivity, psychomotor activity, and social and exploratory behavior (Dantzer et al., 2008; Hart, 1988) .
These biobehavioral responses are critical for protecting the human body when they occur intermittently and in response to actual threat. As illustrated in Figure 3 , however, these social signal transduction pathways can also be activated by purely symbolic, anticipated, or imagined threats, which include things that have not yet happened or that may never actually occur (Slavich & Cole, 2013) . Moreover, engagement of these pathways may become self-promoting as a result of neuro-inflammatory sensitization and thus drive heightened levels of inflammation and exaggerated perceptions of social threat for months or years after the original social-environmental impetus has passed (see Figure  3; G. E. Miller, Chen, & Parker, 2011; G. E. Miller & Cole, 2012; Slavich & Cole, 2013) . Ultimately, it is this biological embedding of exaggerated neuro-inflammatory responses to threat that is hypothesized to increase a person's risk for depression and, possibly, other physical and aging-related disorders that have an inflammatory component (Barton, 2008; Calder, 2006; O'Donovan, Slavich, et al., 2013; O'Donovan et al., 2012; Wolkowitz, Epel, Reus, & Mellon, 2010) .
Inflammation: Necessary or Sufficient?
New, multilevel theories of disease risk are inevitably complex, giving rise to more questions than answers. That is certainly true here. One of the most important questions that can be asked of this social signal transduction theory of depression is whether inflammation is necessary and/or sufficient for depression. Given the state of the literature, there are currently no definitive answers to these questions. But it is possible to speculate on these issues based on what we do know.
Is inflammation sufficient for depression? Some of the best evidence that elevated inflammatory activity may not be sufficient This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. (1) Social-environmental experiences indicating possible social threat or adversity (e.g., social evaluation, rejection, isolation, or exclusion) are represented neurally, especially in brain systems that process experiences of social and physical pain. Key nodes in this neural network include the anterior insula (AI) and dorsal anterior cingulate cortex (dACC, shown in the insert). These regions project to lower level brain areas (e.g., hypothalamus, brainstem autonomic control nuclei) that have the ability to initiate and modulate inflammatory activity via three pathways that involve (2) the hypothalamic-pituitaryadrenal axis, (3) sympathetic nervous system (SNS), and (4) efferent vagus nerve. (5) Activation of these pathways leads to the production of glucocorticoids, epinephrine, norepinephrine (NE), and acetylcholine (ACh), which interact with receptors on cytokine-producing cells. Whereas glucocorticoids and acetylcholine have anti-inflammatory effects, epinephrine and norepinephrine activate intracellular transcription factors (e.g., nuclear factor-B and activator protein 1) that bind to cis-regulatory DNA sequences to up-regulate inflammatory gene expression. When this occurs and immune response genes are expressed, DNA is transcribed into RNA and then translated into protein. The resulting change in cell function leads to the production of proinflammatory cytokines (e.g., interleukin-1␤ [IL-1␤], interleukin-6 [IL-6], tumor necrosis factor-␣ [TNF-␣]) that signal the brain to induce cognitive, emotional, and behavioral alterations that include several hallmark symptoms of depression (e.g., sad mood, anhedonia, fatigue, psychomotor retardation, altered appetite and sleep, and social-behavioral withdrawal). Cytokines can exert these effects on the central nervous system by (6) passing through leaky or incomplete regions of the blood-brain barrier (e.g., circumventricular organs, organum vasculosum of the lamina terminalis) and by (7) stimulating primary afferent nerve fibers in the vagus nerve, which relays information to brain systems that regulate mood, motor activity, motivation, sensitivity to social threat, and arousal. Although these neurocognitive and behavioral responses are adaptive during times of actual threat, as depicted in Figure 1 , these social signal transduction pathways can also be initiated by purely symbolic, anticipated, or imagined threats-that is, situations that have not yet happened or that may never actually occur. Moreover, activation of these pathways can become self-promoting over time due to neuro-inflammatory sensitization and, as a result, remain engaged long after an actual threat has passed (see Figure 3) . In such instances, these dynamics can increase risk for depression in the short-term and possibly promote physical disease, accelerate biological aging, and hasten mortality over the long run. ACTH ϭ adrenocorticotropic hormone; mRNA ϭ messenger ribonucleic acid. This document is copyrighted by the American Psychological Association or one of its allied publishers.
for depression to develop in all individuals comes from research showing that only up to 50% of patients who receive chronic IFN-␣ treatment meet full criteria for MDD (Capuron & Miller, 2004) . Thus, a full 50% of people (or more) do not develop MDD despite receiving an immunological challenge that substantially up-regulates systemic inflammation. Although the reasons for these differential effects remain unclear, one possibility is that these latter individuals do not demonstrate a cognitive vulnerability for depression, which could be required for a full episode of MDD to develop. Consistent with this possibility, almost all patients who receive IFN-␣ treatment develop neurovegetative symptoms of depression (e.g., psychomotor retardation, fatigue, and disrupted appetite or sleep), but only a subset develops cognitive and affective symptoms of the disorder (e.g., depressed mood, irritability, difficulty concentrating, and excessive worthlessness or guilt). Moreover, those who do develop cognitive and affective symptoms of depression are more likely to have had a prior depressive episode, which indicates the presence of cognitive vulnerability for depression (Capuron & Miller, 2011) . It is possible, therefore, that while stress-related increases in inflammation may elevate a person's risk for depression, these biological drivers of depression may need to act in concert with certain cognitive vulnerability factors (e.g., negative automatic thoughts, core beliefs) for certain individuals to meet full diagnostic criteria for MDD.
Another body of research that addresses whether elevated inflammatory activity is sufficient for the development of MDD comes from the early life stress literature. Early life stress is one of the strongest predictors of lifetime risk for depression (Gilman, Kawachi, Fitzmaurice, & Buka, 2003) . In one study of more than 9,500 adults, for example, exposure to multiple forms of early life stress was associated with a 4.6-fold increase in risk of being depressed over the past year (Felitti et al., 1998) . In another study, it was estimated that early life stress explains 20%-25% of all mood disorders in adulthood (Green et al., 2010) .
In addition to these findings, research has shown that at least some links between inflammation and depression are influenced by exposure to early life stress. As discussed previously, for example, Danese et al. (2008) found that although depression was associated with elevated levels of CRP, this association was not robust when adjusting for early life stress. In addition, G. E. Miller and Cole (2012) reported that while adolescents with no early life stress showed reductions in CRP levels as their depressive symptoms abated, their counterparts with early life stress exhibited elevations in CRP that persisted even when their depressive symptoms abated. Finally, in a laboratory-based study, Carpenter et al. (2010) found that early life stress was unrelated to baseline levels of IL-6 but was strongly associated with greater TSST-induced increases in IL-6. Although none of these studies show that early life stress is a critical factor linking inflammation and onset of depression, they are consistent with a small but growing body of work suggesting that inflammation may be more strongly associated with depression when other preexisting vulnerability factors are present. Given the paucity of studies on this topic, much more research is needed to identify factors such as past depressive episodes and early life stress that increase risk for MDD and that may thus make elevated inflammation more likely to be followed by depression (Monroe, Slavich, & Gotlib, 2013; Slavich, Monroe, & Gotlib, 2011; Slavich, O'Donovan, et al., 2010) . Only after acquiring these additional data will we know whether elevated inflammatory activity is sufficient for evoking depression.
Is inflammation necessary for depression? The question of whether inflammation is necessary for depression is different, but equally important. One indication that high levels of inflammation may not be necessary for depression to develop in all people comes from the fact that each of the meta-analytic reviews on inflammation and depression referenced here revealed substantial variability across studies. Although many studies have found clear evidence for elevated levels of inflammation in depressed versus nondepressed individuals, these effects are not equally strong across all studies. This variability is likely due in part to differences in both sample characteristics (e.g., participants' age, health status, history of depression, early life stress exposure, etc.) and sampling method (e.g., inpatient vs. outpatient vs. community studies). However, it could also be due to the fact that depression is an etiologically and symptomatically heterogeneous disorder (Lux & Kendler, 2010) , which may indicate the existence of different biological subtypes of depression (Fanous & Kendler, 2005; Holtzheimer & Mayberg, 2011; Savitz & Drevets, 2009) .
Consistent with this thinking, some researchers have proposed that an inflammatory subtype of depression may exist, characterized primarily by somatic and vegetative symptoms (Baune et al., 2012; see Raison & Miller, 2011) . Although tenable, this hypothesis has been undoubtedly influenced by the fact that out of the many studies that have been conducted on inflammation and depression to date, only a small number have examined the role inflammation plays in social, cognitive, and affective aspects of MDD. What makes these latter studies important is that they provide experimental and naturalistic evidence demonstrating that inflammation is associated not just with somatic and vegetative symptoms of depression but also with cognitive and affective symptoms such as feelings of sadness, hopelessness, guilt, indecisiveness, suicidal ideation, and desire to be alone (e.g., Eisenberger, Inagaki, et al., 2010; Kupper, Widdershoven, & Pedersen, 2012; O'Donovan, Rush, et al., 2013) . In sum, then, although it is too early to know for sure whether inflammation is more intimately involved in some forms of depression than others, the possibility that inflammation might promote all symptoms of depression must be seriously considered.
Regardless of whether inflammation itself is necessary or sufficient for MDD, we believe that the neural, physiologic, molecular, and genomic mechanisms outlined in this social signal transduction theory of depression are relevant for all persons. In our mind, the main question is not whether these social signal transduction pathways exist for certain people and not others but rather whether activation of these pathways perhaps results in the development of depression for some people and not others. Addressing this question is an important task for future research, but one thing is already clear: Inflammation has wide-ranging effects on cognition, emotion, motivation, and behavior, making this biological process relevant for understanding many aspects of depression.
Implications and Future Directions
Some of the best theorizing in psychology over the past century has focused on depression (e.g., Allen & Badcock, 2003; Beck, 1967; Blatt, 2004; Bowlby, 1980; Brown & Harris, 1978; Freud, 1917 Freud, /1957 Gilbert, 1992; Post, 1992) . Despite this impressive This document is copyrighted by the American Psychological Association or one of its allied publishers.
body of work, though, the field has lacked a comprehensive theory that can account for the complete social, emotional, biological, and clinical phenomenon that is depression. Social signal transduction theory of depression may help address this issue by shedding light on several outstanding issues regarding depression, including how depression develops, why depression is comorbid with certain somatic complaints and physical disease conditions, why early life stress is a strong predictor of elevated lifetime risk for depression, why depression is highly recurrent, and why anxiety disorders often precede depression. The theory may also reveal new ways for treating, and perhaps even preventing, depression. We briefly consider these topics below, with a focus on identifying possible avenues for future research.
Development of Depression
Social signal transduction theory of depression is perhaps most relevant for elucidating how adverse life events and socialenvironmental conditions may lead to internal biological changes that evoke MDD. As we alluded to at the outset of this article, literally thousands of books and articles have considered the issue of how stress promotes depression (e.g., Allen & Badcock, 2003; Beck, 1967 Beck, , 2008 Brown & Harris, 1978; Coyne & Downey, 1991; Dohrenwend, 2006; Hammen, 2005; Kendler et al., 1999; Kessler, 1997; Mazure, 1998; Monroe & Simons, 1991) . Although this literature has shown that stress undoubtedly increases risk for depression, it has not convincingly identified biological processes that could be plausible mediators of this effect. Social signal transduction theory of depression begins to address this issue, given that inflammatory activity is both up-regulated by social adversity and a mediator of neurobiological and behavioral alterations that are key features of depression. These alterations include depressed mood, blunted responsiveness to reward, psychomotor retardation, fatigue, irritability, disrupted appetite and sleep, difficulty concentrating, and social-behavioral withdrawal. Moreover, as we have discussed, several studies have now shown that stress is prospectively associated with increased inflammatory activity (e.g., Danese et al., 2008; Deverts et al., 2012 ; M. L. M. Murphy et al., 2013) and that increases in inflammation are in turn related to the development of depression (e.g., Gimeno et al., 2009; van den Biggelaar et al., 2007) .
These findings provide evidence that stress-related increases in inflammation play a key role in the pathogenesis of depression. However, several issues remain unaddressed. First, it is important to remember that, to date, researchers have not generally assessed life stress, inflammation, and depression together in the context of the same study. Additional research is thus needed to confirm the expected temporal ordering of these associations and to directly test the hypothesis that increases in inflammatory activity mediate the relation between stress and depression. Second, as we have alluded to already, MDD is a symptomatically heterogeneous disorder, and it is less clear what role inflammation plays in cognitive and affective aspects of depression versus somatic and vegetative symptoms of the disorder. Third and relatedly, it is unclear whether inflammation plays an equally important role in all forms of depression. Finally, it is unclear whether the fact that some stressors (e.g., social isolation, rejection) up-regulate inflammatory activity to a greater extent than others (e.g., financial problems, deaths) might explain why different forms of social adversity are associated with distinct patterns of cognitive, affective, and somatic symptoms of depression (Cramer et al., 2012; Keller et al., 2007; Muscatell et al., 2009 ). To examine these issues, the next iteration of studies will need to follow individuals longitudinally and examine how different stressors relate to increases in inflammation and, in turn, to different symptoms of depression. Experimental studies that examine social and affective consequences of inflammatory challenges in the laboratory will also be important for addressing these questions.
Comorbidity of Depression With Somatic and Physical Disease Conditions
Social signal transduction theory of depression may also have implications for understanding comorbidity in depression. Depression is frequently associated with several somatic conditions, including asthma, rheumatoid arthritis, chronic pain, metabolic syndrome, cardiovascular disease, and neurodegeneration. These comorbidities foster significant impairment and contribute to MDD's status as a leading cause of disability in the United States (Ü stün et al., 2004) . It has historically been unclear why depression is associated with increased risk for such a wide range of health problems. However, over the past 10 years or so, research has identified a key role for inflammation in the pathophysiology of each of the aforementioned conditions Choy & Panayi, 2001; Glass, Saijo, Winner, Marchetto, & Gage, 2010; Mantovani, Allavena, Sica, & Balkwill, 2008; Marx, 2004; Perry, Cunningham, & Holmes, 2007; Ridker, Cushman, Stampfer, Tracy, & Hennekens, 1997; Schrepf et al., 2013; Yaffe et al., 2004) . This raises the interesting possibility that at least some comorbidity in depression may be explained by the fact that these physical conditions and depression share a common biological basis that involves the activation of inflammation.
Because we are just now beginning to understand the role that inflammation plays in these disorders, additional research is needed to evaluate this comorbidity hypothesis and to examine several important issues, including why depression co-occurs with different physical health disorders for different people. Research is also needed to examine the effects of inflammation on physical health in depression vis-à-vis other factors that are also known to impact health, such as physical environment, chemical exposure, genetic liability, exercise, smoking, adiposity, sleep quality, and diet (e.g., Duivis et al., 2011; Hamer, Molloy, de Oliveira, & Demakakos, 2009; Shelton & Miller, 2010) . Inflammation may be one factor linking depression with physical disease, but it is certainly not the only factor and, in certain cases, may not even be the most central factor.
Early Life Stress and Lifetime Risk for Depression and Related Diseases
Another possible implication of social signal transduction theory of depression is that it may provide clues to how early life stress increases a person's risk for depression across the life span. Events occurring in utero and early childhood have been consistently related to higher lifetime rates of depression, as well as to diabetes, cardiovascular disease, osteoporosis, and metabolic syndrome (Gluckman, Hanson, Cooper, & Thornburg, 2008; Heim, Owens, Plotsky, & Nemeroff, 1997) . Moreover, as reviewed earThis document is copyrighted by the American Psychological Association or one of its allied publishers.
lier, several forms of early life stress (e.g., low socioeconomic status, abuse, neglect) predict elevated levels of inflammation in later life Kiecolt-Glaser, Gouin, et al., 2011; Slopen et al., 2010 Slopen et al., , 2013 , with some data suggesting that such effects persist despite subsequent improvements in the surrounding environment (G. . One possibility, therefore, is that early life stress increases lifetime risk for depression and depression-related disease conditions in part by heightening an individual's sensitivity to stress, which in turn drives the emergence of an increasingly proinflammatory phenotype (see G. E. Miller et al., 2011) . This phenomenon of exaggerated inflammatory responses to stress as a function of exposure to early life stress may make sense, insofar as an adaptive leukocyte basal transcriptome is one that is shaped by a developing organism's likely exposure to socialenvironmental threat. In fact, several theorists have proposed ideas that are consistent with this hypothesis by suggesting that childhood adversity leads to exaggerated cognitive, emotional, and biological responses to stress (Boyce & Ellis, 2005; Cicchetti & Toth, 2005; Gibson, 2008; Zhang et al., 2006) . This response pattern is thought to confer short-term advantages in adverse environments, insofar as it calibrates neurobiological responses to threat based on the surrounding environment and perceived likelihood of danger. However, these advantages come with biological costs that can outweigh the benefits, especially if the current surrounding environment is not hostile, but favorable.
To date, research on early life stress and lifelong disease risk has given rise to more questions than answers. One question concerns how, exactly, early stress exposure leads to biological changes, such as persistent elevations in inflammation, that eventually damage health. A number of interrelated mechanisms may be implicated (McCrory, De Brito, & Viding, 2010) . These include neurobiological factors, such as structural and functional remodeling of limbic and cortical brain systems (Eiland & Romeo, 2013; Fernald & Maruska, 2012; McEwen, 2007 McEwen, , 2010 Pascual-Leone, Amedi, Fregni, & Merabet, 2005) ; physiologic processes, such as exaggerated or prolonged SNS or HPA axis responsivity (Boyce & Ellis, 2005; Boyce, Sokolowski, & Robinson, 2012; Gunnar & Quevedo, 2007; Hertzman, 1999; Taylor, 2010) ; immune system dynamics, such as increased proinflammatory cytokine responses to challenge and decreased immune cell sensitivity to antiinflammatory signals (G. E. Miller, Chen, et al., 2009; ; and genetic and epigenetic processes, such as transcriptional skewing of the leukocyte basal transcriptome (S. W. Cole, 2010; Slavich & Cole, 2013) and DNA methylation and histone modification (Danese & McEwen, 2012; Gluckman et al., 2008; Robinson, Grozinger, & Whitfield, 2005; Vialou, Feng, Robison, & Nestler, 2013) . Several social and cognitive factors may also be implicated. For example, early life stress can lead to interpersonal stress generation, poor psychosocial coping, negative thinking styles, maladaptive core beliefs, and negative social expectations that persist into adulthood and combine to increase risk for depression (Beck, 1967; Evraire & Dozois, 2011; Fagundes, Bennett, Derry, & Kiecolt-Glaser, 2011; Gotlib & Joormann, 2010; Hankin & Abramson, 2001; Hazel, Hammen, Brennan, & Najman, 2008; Joiner, Metalsky, Katz, & Beach, 1999; Taylor & Stanton, 2007) .
Finally, there are several lifestyle and environmental factors that may link early life stress with increased lifelong risk for depression and poor health. Although some of these pathways may be mediated in part by inflammatory processes, others may not. As reviewed by Marsland (2013) , for example, early life stress is associated with sedentary behavior, poor diet, aberrant sleep continuity and architecture, and less preventative health care. Environmental stressors have also been implicated, such as noisy surroundings, overcrowding, high unemployment, crime, chemical exposure, and pollution (see also Evans & Kim, 2010; Repetti, Taylor, & Seeman, 2002) . Many of these factors have been hypothesized to influence the programming of physiological and neuroendocrine systems that both regulate inflammation and are highly sensitive to remodeling by social-environmental input, especially during childhood and early adolescence (G. E. . Given the paucity of longitudinal studies incorporating measures of stress, inflammation, and health, however, the empirical evidence for these models is currently limited. Consequently, it also remains unclear whether early life stress is a primary driver of the link between inflammation and depression. This is possible, but only a handful of studies to date have actually tested this hypothesis.
Recurrence in Depression
In addition, social signal transduction theory of depression may have implications for understanding recurrence in depression. Based on current estimates, approximately 60% of individuals who have a first lifetime episode of depression experience a second episode, 70% of individuals with two episodes experience a third, and 90% of those with three episodes experience a fourth (American Psychiatric Association, 2000; Solomon et al., 2000) . One framework for understanding this phenomenon, generally referred to as stress sensitization, posits that individuals become increasingly vulnerable for depression as a result of neurobiological kindling and behavioral sensitization that develops in response to experiences with stress and depression (Monroe & Harkness, 2005 . Consistent with this framework, individuals with a history of major early life stress and persons with more lifetime episodes of depression have been found to develop MDD following lower levels of recent life stress than their less vulnerable counterparts (i.e., persons with no early life stress and fewer lifetime episodes of MDD; Hammen, Henry, & Daley, 2000; Harkness, Bruce, & Lumley, 2006; Rudolph & Flynn, 2007; Slavich et al., 2011) .
The concept of neuro-inflammatory sensitization depicted in Figure 3 provides one way of understanding the role that inflammation may play in stress sensitization and depression recurrence. The basic idea is that exposure to early adversity and successive experiences with depression potentiate SNS and HPA axis responding to stress and, in doing so, galvanize the regulatory pipeline between the brain and the inflammatory system (see G. E. Miller et al., 2011; G. E. Miller & Cole, 2012; Slavich & Cole, 2013) . As a result, we speculate that the level of stress required to elicit inflammation and evoke depression may decrease over time. Presumably, it is possible that these bidirectional links between the brain and inflammatory system may become so strong over time that neural and physiological pathways that regulate inflammation This document is copyrighted by the American Psychological Association or one of its allied publishers.
could remain active in the absence of actual adversity, thereby leading to recurrent or chronic depression (see Figure 3) . To test these hypotheses about neuro-inflammatory sensitization and depression, future studies might examine whether individuals with a history of early life stress or prior depression have elevated levels of inflammation despite relatively low levels of recent life stress. Studies could also examine whether individuals with a history of early life stress or prior depression are more neurally sensitive to social threat than their less vulnerable counterparts. Given some evidence that recurrent episodes of depression are due in part to a confluence of social and biological factors including stress generation (Hammen, 1991) , excessive reassurance seeking (Evraire, & Dozois, 2011; Joiner & Metalsky, 2001) , and neurobiological kindling (Post, 1992 (Post, , 2007 , identifying how different factors interact to contribute to depression recurrence will be an important goal of future research.
Temporal Ordering of Anxiety and Depression
The idea of neuro-inflammatory sensitization embedded in this social signal transduction theory of depression may also have implications for understanding why anxiety disorders temporally precede depression. Converging evidence for this phenomenon has accumulated from several sources, including retrospective studies (de Graaf, Bijl, Spijker, Beekman, & Vollebergh, 2003; Essau, 2003 Essau, , 2008 Warner, Weissman, Mufson, & Wickramaratne, 1999) , longitudinal studies (Burke, Loeber, Lahey, & Rathouz, 2005; D. A. Cole, Peeke, Martin, Truglio, & Seroczynski, 1998; Giaconia et al., 1994; Lewinsohn, Zinbarg, Seeley, Lewinsohn, & Sack, 1997; Orvaschel, Lewinsohn, & Seeley, 1995; Wittchen, Kessler, Pfister, & Lieb, 2000) , and even daily diary studies of anxiety and depression (Starr & Davila, 2012a , 2012b ; for a review, see Wittchen, Beesdo, Bittner, & Goodwin, 2003) . In a longitudinal community study of more than 2,500 adolescents and young adults, for example, having generalized anxiety disorder at baseline conferred a 4.5-fold increase in subsequent risk for developing a first lifetime episode of MDD, even after adjusting for other psychiatric disorders and factors that could have contributed to participants' increased risk for depression (Bittner et al., 2004) . Similar effects were found in a recent community-based sample of midlife women, in which having an anxiety disorder at baseline conferred an increase in risk for a first lifetime onset of MDD that was comparable to experiencing a recent stressful life event (Bromberger et al., 2009) .
Although this research demonstrates that anxiety disorders often precede depression, the reasons for this temporal ordering have been unclear. Our view is that this ordering makes sense from the perspective of the social signal transduction theory of depression. The model is depicted in a static state in Figure 4 but can also be viewed from a developmental perspective, as seen in Figure 5 . From this view, genetic factors (e.g., regulatory SNPs in the serotonin transporter or IL-6 gene), personality traits (e.g., neuroticism), and social-environmental conditions during childhood and adolescence (e.g., social stress, uncertainty, abuse, and neglect) all play a role in shaping a person's neuro-inflammatory responding to stress. If an individual possesses genetic or personality characteristics that heighten his or her sensitivity to threat or if a person's environment signals an increased likelihood of possible threat, then mild, preclinical levels of inflammation may develop during Figure 5 . Social threat hypothesis of anxiety, inflammation, and depression. Individuals' perceptions of social threat and adversity are shaped by several influences including genetic factors (e.g., regulatory single nucleotide polymorphisms in the serotonin transporter or IL6 gene), personality traits (e.g., neuroticism, interpersonal and rejection sensitivity), and social-environmental conditions during childhood and adolescence (e.g., experiences of social stress, uncertainty, abuse, and neglect). Elevated levels of actual or perceived threat that result from these factors are hypothesized to increase feelings of anxiety and activate social signal transduction pathways that up-regulate inflammatory activity. Relatively mild, preclinical levels of inflammation may have limited effects on health in childhood and adolescence, especially for persons who are otherwise healthy. However, sustained engagement of these systems resulting from prolonged experiences of social threat or adversity may drive neuro-inflammatory sensitization, which could lead to both elevated levels of inflammation and exaggerated perceptions of social threat. Transcriptional changes that occur during this process may in turn foster an increasingly proinflammatory milieu that elevates risk for depression as an individual grows older. From this perspective, genetic, personality, and social-environmental factors early in life promote elevated perceptions of social threat, symptoms of anxiety, and preclinical levels of inflammation; then, at least for some individuals, anxiety symptoms become eclipsed by symptoms of depression that include sad mood, anhedonia, fatigue, altered appetite and sleep, and social-behavioral withdrawal. This document is copyrighted by the American Psychological Association or one of its allied publishers.
childhood and adolescence. This low-level inflammatory activity prepares the developing body for possible threat, but it might also feed back on the brain to alter sleep; promote hypervigilance, anxiety, and exaggerated perceptions of threat; and eventually lead to feelings of anhedonia and social disconnection (Eisenberger, Inagaki, et al., 2010; Eisenberger et al., 2009 ). These neuroinflammatory interactions may not have immediate effects on health. As the neuro-inflammatory pipeline becomes more galvanized over time, though, it may skew the leukocyte basal transcriptome toward an increasingly proinflammatory state, eventually leading to increases in prodromal symptoms of depression and, possibly, clinical depression. Because perceptions of social threat are a critical mechanism driving these dynamics over time, we refer to this formulation as the social threat hypothesis of anxiety, inflammation, and depression (see Figure 5) . At least three lines of research are consistent with this developmental model. First, several epidemiological studies have shown that the average age of onset for a first lifetime anxiety disorder is well before adolescence, when individuals typically experience a first lifetime depressive episode. In a recent analysis of data from the National Comorbidity Survey, for example, the median age of first onset for generalized anxiety disorder was 9.8 years old and 10.8 years old for males and females, respectively, and the median age of first onset for social phobia was 8.6 years old and 8.1 years old (again, for males and females, respectively; Burstein et al., 2012) . In contrast, the average age of first onset for MDD is between 13 and 15 years old (Lewinsohn, Clarke, Seeley, & Rohde, 1994; Weissman & Olfson, 1995) . Therefore, when considered together with the prospective studies of anxiety and depression, there appears to be substantial evidence that anxiety disorders frequently precede onset of depression, both across people and within the same person over time.
Second, there is evidence that perceptions of social threat develop early in life and increase a person's subsequent risk for depression. In a recent neuroimaging study of young adolescents, for example, participants were exposed to a brief episode of social rejection (i.e., Cyberball) and then followed prospectively for 1 year. As expected, greater neural responses to the acute episode of social rejection predicted greater increases in depressive symptoms over the year (Masten et al., 2011) . Although these data are limited, it is interesting to speculate that exaggerated sensitivity to social threat might serve as a neurocognitive precursor of depression and, perhaps, an endophenotype for MDD.
Finally, there is emerging evidence that individuals who have experienced early life stress, and who are thus at high risk for developing depression during their lifetime, exhibit significant increases in systemic inflammatory activity from early childhood (1.5 years old) through late childhood (10 years old) and into midadolescence (15 years old; Slopen et al., 2013) . Although the development of anxiety, perceptions of social threat, and inflammation and depression have not been studied in concert with one another, the fact that all three precede depression-and that heightened inflammation and perceptions of social threat appear to be mechanistically involved in the pathogenesis of depression-raises the interesting possibility that anxiety and depression may be sequentially timed consequences of a slowly evolving inflammatory milieu that is driven by exaggerated sensitivity to social threat.
Although the idea that inflammation may play a role in linking anxiety and depression is new, the notion that anxiety and depression may be phenotypic expressions of a common underlying risk factor has been long debated. In this context, some theorists have proposed that anxiety and depression are largely inseparable, perhaps arising from a similar personality trait or biological process (Brady & Kendall, 1992; Clark & Watson, 1991; Griffith et al., 2010; Krueger & Markon, 2006; Watson, 2005) . Our formulation is consistent with this perspective but extends this work by focusing on exaggerated sensitivity to social threat and related increases in inflammation as key common mediators that drive aspects of both anxiety and depression.
Clearly, much more research is needed to evaluate this social threat hypothesis of anxiety, inflammation, and depression. To begin with, longitudinal studies are needed to map the developmental trajectories of exaggerated sensitivity to social threat, anxiety, inflammation, and depression. Second, although anxiety and inflammation are known to increase in parallel with one another, additional research is needed to examine whether inflammatory processes are mechanistically involved in anxiety or simply an epiphenomenon of the disorder-for example, the result of other processes like increased ␤-adrenergic signaling, which is implicated in both anxiety and inflammation (see Hanke, Powell, Stiner, Bailey, & Sheridan, 2012) . Third, a new generation of studies is needed that incorporates neuroimaging into longitudinal study designs. These studies will be important insofar as they will enable investigators to elucidate the full set of neurocognitive processes that predict increased risk for anxiety, heightened inflammation, and depression. Here, we have suggested that neural systems involved in processing social threat may play an important role in anxiety, inflammation, and depression. However, several other neurocognitive processes are also likely involved, including those implicated in safety processing (e.g., "Am I safe?" or "Am I secure?") and social cognition (e.g., "What does that person think of me?" or "Does he like me?"; see Muscatell & Eisenberger, 2012) .
Finally, additional research is needed to identify genetic, personality, and social-environmental factors that might moderate associations between anxiety, inflammation, and depression, perhaps making these phenomena more tightly linked in some people versus others. Considered together, these lines of research may help reveal why anxiety disorders often precede, and are so frequently comorbid with, depression, as well as why negative thoughts about the self and others are typically a cardinal feature of MDD. Perhaps more important, though, this research may provide clues for how to prevent depression by targeting predepression anxiety disorders and exaggerated perceptions of socialenvironmental threat (Garber & Weersing, 2010; O'Donovan, Slavich, et al., 2013) .
Prevention and Treatment of Depression
Finally, social signal transduction theory of depression may generate new ideas for how to treat and prevent depression. Episodes of depression can be extremely debilitating, especially when they involve sickness behaviors such as anhedonia, fatigue, psychomotor retardation, and social-behavioral withdrawal. These symptoms disrupt interpersonal relationships and can severely impair occupational functioning. Insofar as inflammatory processes mediate these neurovegetative symptoms, presumably new pharmacological and psychosocial interventions can be developed This document is copyrighted by the American Psychological Association or one of its allied publishers.
that target cytokine activity in order to alleviate, and perhaps even prevent, depression (Capuron & Miller, 2011; Haroon et al., 2012; Hayley, 2011; Li et al., 2011; Rook et al., 2012) . Pharmacologic interventions that target inflammation. Although this research is still in its infancy, some evidence exists demonstrating that cytokine-related mechanisms can be targeted to help alleviate depression. As alluded to previously, for example, TNF-␣ antagonists such as etanercept or infliximab and the COX-2 inhibitor celecoxib have all been found to alleviate depressive symptoms in double-blind, randomized, placebo-controlled studies (Müller et al., 2006; Tyring et al., 2006 ; see also Monk et al., 2006) . These targets are just the tip of the iceberg, though. As reviewed by Rook et al. (2012) , additional possibilities include inhibiting NF-B (e.g., via curcumin, Vitamin E, or resveratrol) or p38 mitogen-activated protein kinase (e.g., via minocycline); antagonizing IDO (e.g., using 1-MT) or chemokines receptors (e.g., using maraviroc, plerixafor); enhancing glucocorticoid sensitivity (e.g., using salbutamol or salmeterol); and activating the anti-inflammatory cholinergic reflex (e.g., using ␣7nAChR agonists or vagus nerve stimulation devices).
More commonly used substances that impact inflammation may also alleviate depression. In an open-label study of treatmentresistant depression, for example, 52.4% of depressed individuals who were treated with acetylsalicylic acid (i.e., aspirin) in addition to receiving a selective reuptake inhibitor (SSRI) were considered responders after having not responded to a first SSRI treatment. In fact, patients who were considered responders to the combined SSRI-acetylsalicylic acid treatment saw their HRSD scores decrease from 29.3 at Day 0 to 8.4 at Day 28 of the study, which was a reduction of 20.9 HRSD points (Mendlewicz et al., 2006) . Consistent with these effects, a recent study that combined daily diary and neuroimaging techniques showed that healthy young adults who were randomly assigned to take acetaminophen twice a day for 3 weeks exhibited significantly fewer hurt feelings on a daily basis and less neural sensitivity to a laboratory-based episode of social rejection (i.e., Cyberball) compared to their counterparts in the placebo condition (DeWall et al., 2010) . Although acetaminophen is not known to have anti-inflammatory effects, it does have the ability to attenuate pain perception in the brain, which may potentially reduce experiences of both physical and social pain in the context of depression. Finally, in a recent double-blind, randomized, placebo-controlled trial, medical students who received omega-3 supplementation exhibited a 14% reduction in LPSstimulated IL-6 production and a 20% reduction in anxiety symptoms compared to those in the control group (Kiecolt-Glaser, Belury, Andridge, Malarkey, . Although omega-3 supplementation was unrelated to changes in depression in this study, a recent meta-analytic review of 35 randomized controlled trials found that omega-3 fatty acid supplementation is associated with a 0.41-0.57-SD difference in depression severity for individuals with MDD (see Appleton, Rogers, & Ness, 2010) .
These data suggest that inflammation can be targeted to reduce depressive symptoms. However, some research has also suggested that the link between inflammatory cytokines and the antidepressant response is complex and likely more nuanced than previously thought. In a recent study, for example, Raison and colleagues (2013) found that although infliximab had antidepressant effects in treatment-resistant depressed patients with high baseline levels of inflammation, placebo unexpectedly outperformed this TNF blockade in patients with low baseline levels of inflammation. Therefore, it is possible that alleviating depressive symptoms with either an antidepressant or anti-inflammatory compound requires some optimal level of cytokine activity. Consistent with this possibility, low levels of cytokine activity are essential for neuroplasticity and neurogenesis, which generally lessen risk for depression (Yirmiya & Goshen, 2011) . In addition, a recent study found that the effects of serotonergic antidepressants on behavior are mediated by TNF-related processes (Warner-Schmidt, Vanover, Chen, Marshall, & Greengard, 2011) . Finally, anti-inflammatory drugs have been found to interfere with the antidepressant effects of SSRIs by disrupting TNF-related increases in p11, a small acidic protein that can have strong antidepressant properties (WarnerSchmidt et al., 2011) . As such, although targeting inflammation to alleviate depression sounds intuitively promising, additional research is needed to understand when exactly these pharmacologic interventions are beneficial.
Psychosocial interventions that target inflammation. In addition, there is now evidence that cognitive-and meditation-based interventions that are known to alleviate depression may also lead to reductions in inflammation. These interventions include mindfulness-based cognitive therapy (Britton, Shahar, Szepsenwol, & Jacobs, 2012; Ma & Teasdale, 2004; see Hofmann, Sawyer, Witt, & Oh, 2010) , tai chi (Lavretsky et al., 2011) , and yoga (Pilkington, Kirkwood, Rampes, & Richardson, 2005; Sengupta, 2012) . In one of the first studies to examine this effect, healthy adults were exposed to a laboratory-based social stressor (i.e., TSST) after being randomized to either 6 weeks of compassion meditation training or a health discussion control group. Although there were no between-group effects, within the meditation group greater meditation practice was associated with fewer social stressinduced increases in IL-6 and emotional distress . In a second study, individuals completed the TSST after being randomly assigned to either participate in tai chi classes for 3 months or be in a wait-list control group. Compared to participants in the control group, those in the tai chi group perceived the TSST as less stressful and exhibited fewer TSST-induced increases in heart rate, cortisol, and ␣-amylase (Nedeljkovic, Ausfeld-Hafter, Streitberger, Seiler, & Wirtz, 2012) . This last finding is interesting since ␣-amylase serves a proxy for adrenergic activation, and adrenergic signaling is known to up-regulate proinflammatory cytokine production (Desser, Rehberger, & Paukovits, 1994 ). In addition, tai chi administration has been reported to reduce SNS activity (Motivala, Sollers, Thayer, & Irwin, 2006) , which may lead to lower inflammation Lavretsky et al., 2011) . Finally, in a third study, levels of inflammatory activity were assessed in novice and expert yoga practitioners before, during, and after three separate study visits that included a restorative hatha yoga session, a movement control session, and a passive-video control session. Although the yoga intervention did not impact inflammatory activity, novices' IL-6 levels were 41% higher than those of experts across the sessions (Kiecolt- Glaser, Christian, et al., 2010) .
In addition to this research, at least three studies have demonstrated that cognitive-and meditation-based interventions that have been employed for treating depression can reverse stressinduced genome-wide transcriptional responses like the CTRA. In the first study, healthy older adults were randomized to either an This document is copyrighted by the American Psychological Association or one of its allied publishers.
8-week mindfulness-based stress reduction (MBSR) program or a wait-list control condition. The MBSR program reduced selfreported feelings of loneliness and resulted in 143 genes being differentially expressed in MBSR versus wait-list control participants. Compared to participants in the wait-list control condition, those in the MBSR group exhibited reduced activity of NF-B target genes (Creswell et al., 2012) . In the second study, individuals who were caregiving for a family member with dementia were randomly assigned to either participate in Kirtan Kriya meditation or listen to relaxing music for 12 min daily over 8 weeks. A total of 68 genes were differentially expressed between the two groups, with down-regulated genes again primarily being NF-Bassociated proinflammatory genes that are normally up-regulated under conditions of high chronic stress (Black et al., 2013) . Finally, in the third study, women undergoing primary treatment of stage 0-III breast cancer were randomized to either a 10-week cognitive behavioral stress management intervention designed to target anxiety-related affective and behavioral processes or an active control condition. Consistent with the other two studies just described, this intervention counteracted the effects of stressrelated transcriptional skewing by reducing expression of proinflammatory and metastasis-related genes and by increasing expression of IFN-␣ genes (Antoni et al., 2012) . Considered together, these studies suggest that psychotherapeutic and meditative interventions that are already in our clinical toolbox may be helpful for reducing inflammation. None of the studies just reviewed, though, sampled depressed individuals. As such, additional research is needed to examine whether these cognitive, behavioral, and meditative interventions alleviate depressive symptoms in depressed individuals and, if so, whether they exert these effects by reducing inflammation.
Concluding Comments
In conclusion, we know a lot about the adverse socialenvironmental conditions that typically precipitate depression and about cognitive and emotional processes that mediate these effects. With the advent of new neuroimaging, immunological, and genome-wide profiling techniques, we are now poised to go one step deeper and elucidate the full set of biological mechanisms that link stress with depression. Inflammation is undoubtedly a key player in this link. As we have discussed, two general phenomena are consistent with the hypothesis that stress-related increases in inflammation are involved in depression. First, a large number of naturalistic and laboratory-based experimental studies have shown that stress is a potent activator of inflammation, and second, it is now well known that vaccinations and immunological challenges that up-regulate inflammatory activity evoke depressive-like behaviors in rodents and clinically significant episodes of depression in at least some people. In addition, these challenges have been shown to up-regulate peripheral and central cytokine production and to alter metabolic and neural activity in brain regions that have been implicated in depression. Many questions remain unanswered regarding these effects, including whether inflammation is necessary or sufficient for all cases of MDD. Nonetheless, based on existing data, we conclude that stress likely increases risk for depression in a substantial number of people by up-regulating inflammatory activity and by altering social, cognitive, and affective processes that are known to promote this disorder.
These insights are important because they can help update contemporary theories of depression with information about biological mechanisms that are involved in the pathogenesis of MDD. For the potential of these insights to be fully realized, they will need to be translated into new strategies for modifying processes that promote depression (Sanislow et al., 2010 ). At a very general level, such processes include neurocognitive mechanisms like negative cognitive appraisals and neural sensitivity to social threat, which have been associated with inflammation and depression (Masten et al., 2011; Monroe, Slavich, Torres, & Gotlib, 2007b; Rueggeberg, Wrosch, Miller, & McDade, 2012) ; immunological processes such as preclinical levels of inflammation, which could presage the development of chronic inflammation and disease (G. E. Miller et al., 2011) ; and psychosocial factors such as parental behaviors, which have been found to influence the effects of social-environmental adversity on proinflammatory signaling (Chen, Miller, Kobor, & Cole, 2011 ; see also Carroll et al., 2013) . The hope is that by targeting these and other dynamics, we may one day be able to reduce the prevalence of depression and the substantial financial burden and personal suffering associated with this common and costly disorder. Brain, Behavior, and Immunity, 21, 147-152. doi:10.1016/j.bbi .2006.08 .002 This document is copyrighted by the American Psychological Association or one of its allied publishers.
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